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Summary

The miniaturisation of integrated circuit technology and the rapidly increasing demand

for fast, reliable, low power non-volatile memory solutions, as well as novel sensor ap-

plications is driving the demand for new materials in device design. With the focus on

tailored materials with a wide range of tunable properties, nanoscale oxide heterostruc-

tures represent an exciting frontier in electronics and magnetism. The electronic prop-

erties of complex transition metal and rare earth magnetic oxides are widely tunable

by control of stoichiometry or by exploiting their high sensitivity to strain, allowing for

the adaptable influence of substrate strain in thin film heterostructures.

This work addresses a number of different material properties for technologically rel-

evant oxides, from the point of view of addressing the issues preventing them from

being adapted and applied in thin film-based devices. The work includes the electrical

characterisation of a device designed to combine the ferromagnetic and ferroelectric

properties of the constituent materials in an artificial multiferroic tunnel junction.

In the first chapter, the basic concepts of magnetism which apply to the materials

characterised in the work, as well as an overview of the applications of magnetism

in devices and the forms of multiferroicity are presented. A comprehensive overview

of the experimental techniques and their associated principles is given in the second

chapter with particular attention to the techniques of reciprocal space mapping and

synchrotron X-ray techniques including resonant inelastic scattering experiments.

The first of the three experimental results chapters is concerned with the question of

magnetic dead layers in La0.7Sr0.3MnO3, a historically-important conductive ferromag-

netic oxide which is highly spin polarised. The dead layer thickness is first determined

by extrapolating from magnetometry measurements of films of different thickness, then

the nature of the dead layers is discussed in terms of the results of X-ray dichroism ex-

periments and put in the context of experiments and theory which may be found in the
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literature. The direct contribution of the substrate to the magnetism of LSMO is dis-

cussed. The second of the experimental chapters is concerned with oxide thin films that

exhibit insulating and ferrimagnetic order. Results of studies on NiFe2O4 and CoFe2O4,

two prime candidates for spin filtering tunnel barriers, are also shown in in this chap-

ter, where the growth of NiFe2O4 is achieved on the conductive oxide SrRuO3 and the

effects of substrate strain and deposition conditions on magnetisation and anisotropy

of highly magnetostrictive CoFe2O4 are shown. The fourth chapter deals with NiO,

an oxide exhibiting antiferromagnetism and a candidate for exchange-biasing magnetic

oxide films. It is examined in thin film form by inelastic X-ray scattering, and the

spin-wave dispersion is shown for he first time in thin films, allowing for the extraction

of the exchange constants responsible for antiferromagnetism. The final chapter exam-

ines BaTiO3, a ferroelectric oxide with potential applications in ferroelectric memory,

leveraging the stable polarisation states of the material for the storage of bits, analo-

gous to with the ferromagnetic bits of modern hard disk drives, but with lower energy

costs associated with lower write-currents than those required to create Ørsted fields in

magnetic memory. The chapter also presents the experiments in ferroelectric tunnelling

electroresistance performed on artificially multiferroic tunnel junctions.
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Chapter 1

Introduction

1.1 Basic Concepts of Magnetism

The study of magnetism is that of magnetic fields and magnetic materials, including

effects arising from changing electric fields and the angular momentum and associated

magnetic moment of electrons especially their intrinsic angular momentum as elemen-

tary particles, called spin. Magnetic fields, denoted by the vector quantity B (in units

of tesla), can be represented by continuous closed lines of force that act on moving

charged particles and on elementary magnetic moments m. The fields are produced

by the magnetic ‘dipole’ moments or ensembles thereof, and also by moving electric

charges. A magnetic dipole moment may be produced by a current loop in a wire,

an electron in an atomic orbital or an elementary particle with spin, especially the

electron.

One property of magnetic fields is that they are non-divergent, ∇·B = 0, as implied by

the closed lines of continuous force there are no magnetic charges that act as sources and

sinks of B. Materials which can produce magnetic fields in the absence of an external

magnetic field are called ferromagnets ; they posses a spontaneous magnetisation. These

materials consist of an ensemble of atomic scale magnetic moments which sum to give

the magnetisation. The magnetisation is a vector quantity defined as the net sum

of magnetic moments per unit volume M = m
V

. Strictly speaking, ferromagnets are

magnetic materials in which all the magnetic moments from the electron spins are

aligned parallel. Materials where there is a net moment, but there are two oppositely

aligned atomic moment populations, are termed ferrimagnets. In the case where there

is no net moment, but two equivalent oppositely directed ensembles of atomic moments,

we have an antiferromagnet.

1



Chapter 1. Introduction 2

The magnetic field strength, H (in units of A m−1), is a vector quantity which in free

space describes the local magnetic field, just as B does, and is related by B = µ0H ,

where µ0 is the magnetic permeability of free space, 4π×10−7 T m A−1. The distinction

between B and H arises within magnetic materials, where the magnetisation of an

object reflects the local value of H . The magnetic field within a magnetic material is

given by

B = µ0(H +M ). (1.1)

Outside of a magnet, there is little distinction between B and H aside from the pro-

portionality constant µ0, whereas within the magnet the case is described by equation

1.1. By definition ∇ ·B = 0 is always true, so equation 1.1 can be rewritten as

∇ ·M = −∇ ·H (1.2)

giving H the opposite sign to B inside a magnetic material. It is termed a demagnetis-

ing field Hd in this case, and can be thought of as similar to an electric field emanating

from the top and bottom surfaces of the magnet as if there existed a density of positive

and negative magnetic charges on the opposite faces, which correspond to the ‘North’

and ‘South’ poles of the magnet. The demagnetising field is uniform in an ellipsoid and

it is related to the magnetisation by the three dimensional 3× 3 demagnetising tensor,

Nij in the form

Hdi = −NijMj . . . i, j = x, y, z (1.3)

The principal components of N , Nx,Ny and Nz or diagonal components of the sym-

metric matrix, are known as the demagnetising factors and have the relationship

Nx +Ny +Nz = 1 (1.4)

The demagnetising factors deduced from symmetry for thin films are 0 and 1 for mag-

netisations parallel to the plane and perpendicular to the plane, respectively, which

leads to the strong tendency for films to have easy axis in the plane of the film.
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It is the quantity M which is generally of interest in materials science, as well as

the mechanisms coupling the individual spin and orbital moments of the electron that

constitute the atomic moments of a material. These are predominantly exchange in-

teractions and the spin-orbit interaction. The former interaction comes in many forms

depending on the material, be it metallic, semiconducting or insulating, or strongly

correlated like many oxides and nitrides. The latter interaction is the interaction of the

spin moment of the electron with it’s orbital moment. Since 1930 magnetism has been

formulated at the microscopic level in terms of quantum mechanics. The electrons,

which can be described by a complex wave function ψ(r), has a probability of being

found within an infinitesimal volume δ3r given by δP = ψ∗(r)ψ(r)δ3r where ψ∗(r) is

the complex conjugate of ψ(r). ψ(r) must fulfil the normalisation condition

˚

V

ψ∗(r)ψ(r)d3r = N (1.5)

where V is the volume of the system that contains N electrons. Electrons are el-

ementary particles with mass me ≈ 9.109× 10−31 kg, charge e = −1.602× 10−19 C

and intrinsic spin angular momentum is 1
2
~ = 0.5273× 10−34 J s, denoted by the spin

quantum number, s = 1/2. Two electrons cannot occupy the same quantum state.

This condition is called the Pauli exclusion principle, and combined with the Coulomb

repulsion of two nearby electrons, is the origin of exchange interactions. In the follow-

ing sections the phenomena of exchange interactions and spin orbit coupling will be

described, broadly following the formulations given in J.M.D. Coey’s book [1]. The

quantum state of an electron is represented by the quantum number s = 1
2

and another

quantum number ms = ±1
2

which denotes its components of spin angular momentum

~ms = ±0.5273× 10−34 J s along the quantisation axis (z-axis) as depicted in figure

1.1.

The magnetic moments associated with the two spin states are ± e~
2me

where e~
2me

is the

Bohr magneton. Since e is negative, the magnetic moment of the electron is oppositely
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Figure 1.1: Vector model illustrating the total spin angular momentum of an electron, and
its possible projections along Oz.

directed to it’s quantised angular momentum, represented by ↑ for ms = 1
2

and ↓ for

ms = 1
2
.

1.1.1 Exchange Interactions

Two configurations of the spin states of electrons on neighbouring atoms i, j are ↑i↑j

and ↑i↓j, for which there is an energy difference between the two states. This is usually

much weaker than the exchange between electrons on the same atom. As electrons are

identical, the exchange of two electrons should not change the probability density of

finding electrons in a given system implying that the wavefunction for a two electron

system is antisymmetric, Ψ(1, 2) = −Ψ(2, 1). The total wavefunction is the product of

spatial and spin functions, φ(r1, r2) and χ(s1, s2). The simplest example of exchange is

that of the hydrogen molecule, with two hydrogen atoms, each with a single electron

in the 1s-orbital. Schrödinger’s equation gives the energy ε of the system

H(r1, r2)Ψ(r1, r2) = − ~
2me

[
∇2 + V

]
Ψ(r1, r2) = εΨ(r1, r2). (1.6)

Combination of the two atomic orbitals of spatially separated hydrogen atoms into the

H2 molecule creates two molecular orbitals, a symmetric bonding and antisymmetric
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antibonding orbital. In the former case the distribution of electrons across the molecule

is symmetric, with the electron density adding between the atoms. In the case of

antibonding, there is a node in the electron density between the atoms. Their respective

spatial wave functions are given in terms of the atomic orbitals as

φs =
ψ1 + ψ2√

2
φa =

ψ1 − ψ2√
2

. (1.7)

The total spin quantum number of system is S = s1 + s2 and the corresponding spin

projection quantum number is MS. S can take values of 1 and 0, and MS can take

values of 1,0,-1. This corresponds to spin triplet S = 1 and singlet S = 0 states.

We can represent the symmetric (singlet) and antisymmetric (triplet) spin function in

terms of S and MS as

S = 1, MS = 1, 0,−1;

χs =


|↑↑〉

1√
2

[|↑↓〉+ |↓↑〉]

|↓↓〉

S = 0, MS = 0;

χa =
1√
2

[|↑↓〉 − |↓↑〉]

(1.8)

Combining with symmetric and antisymmetric spatial wavefunctions gives total anti-

symmetric wavefunctions of

ΨI = φs(1, 2)χa(1, 2), ΨII = φa(1, 2)χs(1, 2). (1.9)

The using the Hamiltonian of equation 1.6, the energy of the states can be obtained,

giving εI and εII where εI < εII . In other words: the energy of the spatially symmetric
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bonding/antisymmetic spin singlet configuration lies below the antibonding triplet con-

figuration in this case. The exchange integral is J = (εI−εII)/2. Following Heisenberg,

the energy of the two electron system can be written as

ε = −2(J/~2)s1 · s2 (1.10)

where s1 · s2 is evaluated from s1 · s2 = 1
2
[(s1 + s2)2 − s2

1 − s2
2]. The energy levels for

s1 + s2 = 0 and s1 + s2 = 1 are 3
4
~2 and 1

4
~2 This was generalised to many-electron

atomic spins Ŝ1 and Ŝ2 in Heisenberg’s Hamiltonian:

H = −2J Ŝ1 · Ŝ2 (1.11)

where J = J/~2. In magnetic materials with many electron atoms, ferromagnetic

interactions are indicated by J > 0 and antiferromagnetic by J < 0.

The specific exchange mechanisms of magnetic materials studied as part of this work are

discussed in the relevant chapters, and are broadly concerned by the exchange mecha-

nisms of transition metal oxide magnetism, namely double exchange and superexchange.

1.1.2 Spin-Orbit Coupling

An atomic orbital in the Bohr model consists of an electron orbiting a nucleus in a

loop of area A which constitutes an electric current I. This creates a magnetic moment

µl = IA (A m2) which, in terms of the orbital angular momentum of the electron l is

µl = − e

2me

l = γl (1.12)

where γ is the gyromagnetic ratio. One consequence of the confinement of electrons

into orbits is that the energy of the states of the electron, and hence their angular

momentum, is quantised. It is quantised in units of ~ and its component along the

z-axis for l = l~ can be ml~, where ml can take one of 2l + 1 possible values (l, l −
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1, . . . ,−|l− 1|,−l). Equation 1.12 can be expressed in the fundamental unit of atomic

magnetism, the Bohr magneton µB = e~
2me

and the orbital g-factor gL as

µl = −gLµBl/~ (1.13)

where combining equations 1.12 and 1.13 gives gL = 1. In analogy to this, we can

express the intrinsic magnetic moment of the electron spin µs in terms of a spin g-

factor gS as

µs = −gSµBs/~ (1.14)

where gS ≈ 2.0023. Coupling of the orbital and spin angular momenta gives the total

angular momentum j = l + s and the associated moment is given by

µj = −gJµBj/~. (1.15)

The quantity gJ is the Landé g-factor.

So far we have dealt with j,l and s, which is the conventional notation for isolated

electrons in [1]. In many electron systems the notation J, L and S is used, as mentioned

in section 1.1.1. In the ‘Russel-Saunders’ or L−S coupling scheme, L =
∑

l, S =
∑

s

and J = L± S. In other words, the individual l and s are summed individually before

calculating J which is a good approximation where there is small spin-orbit coupling,

as in light transition metals. The coupling is expressed as

ESO = λL · S. (1.16)

1.1.3 Anisotropy

One of the requirements for stable magnetisation in ferro- and ferrimagnets is that

there be a particular axis along which is a minimum energy axis for the magnetisation.

The magnetisation can lie in either direction along this easy axis, due to time reversal



Chapter 1. Introduction 8

symmetry. This is represented by the anisotropy energy Ea(J m−2), of which the leading

term takes the form

Ea = K1 sin2 θ (1.17)

where θ is the angle between the magnetic easy axis and the magnetisation and K1

is the anisotropy constant. In bulk ferromagnets and ferrimagnets there are three

main contributions to the anisotropy; shape anisotropy, which is a consequence of the

demagnetising field Hd, magnetocrystalline anisotropy, which is intrinsic and related

to the crystal symmetry of the material, and induced anisotropy which is extrinsic and

caused by stress or heat treatments of the material.

1.1.3.1 Shape Anisotropy

The shape anisotropy can be calculated for a given single ferromagnetic domain of

a simple shape that may be approximated an ellipsoid with demagnetising factors of

N and N ′ = 1
2
(1 − N ) along the easy and hard directions, respectively. Given the

magnetostatic energy of a magnetised domain of volume V

εm =
1

2
µ0VNM2

s , (1.18)

the shape anisotropy constant, Ks, is merely the energy difference per unit volume

between the domain uniformly magnetised along the easy and hard directions;

Ks =
1

4
µ0M

2
s (1− 3N ). (1.19)

It is notably zero for a sphere where N = 1/3. The sphere has no preferred easy

direction.

1.1.3.2 Magnetocrystalline Anisotropy

There are two main sources of magnetocrystalline anisotropy, single-ion and two-ion

anisotropy. Single ion anisotropy is a major source of anisotropy in ferromagnets,
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the spin orbit interaction stabilises a particular magnetic moment direction relative to

the crystal symmetry directions. The interaction of the crystal field with ions stabilises

particular orbitals, which tend to determine the spin moment direction via the spin orbit

interaction. Two-ion anisotropy reflects the anisotropy of the dipole-dipole interaction,

where head-to-tail configurations are favoured over side-to-side configurations. The

sum of dipolar interactions over the entire lattice depends on the symmetry of the

lattice, and disappears in cubic lattices.

The magnetocrystalline anisotropy constant in a uniaxial crystal can be expressed in

terms of the anisotropy field Ha, which is defined as the applied field required to fully

magnetise a film along the hard axis, from the equation for the energy

E = Ku sin2 θ − µ0MsH cos(π/2− θ) (1.20)

where θ is the angle between the applied field H and the easy axis. The minimisation

of the energy with respect to θ and setting θ = π/2 gives,

Ha = 2Ku/µ0Ms. (1.21)

1.1.3.3 Induced Anisotropy

Two main methods are used to induce anisotropy in ferromagnets. The first is magnetic

annealing, where at high temperatures, atomic diffusion in the presence of a magnetic

field allows magnetic atoms in alloys to align as head to tail pairs, which are aligned by

the external magnetic field. The second is strain induced magnetic anisotropy, which

can be induced by substrates in thin films of ferromagnetic materials, where there exists

magnetostrictive effects. In this case the anisotropy constant is Kuσ = 3
2
σλs where σ

is the uniaxial stress and λs is the saturation magnetostriction. This effect is related

to both single ion and two-ion anisotropies.
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1.2 Basic Magnetic Phenomena in Devices

Devices based on magnetic effects generally leverage the stable states of ferromag-

netism defined by the remnant magnetisation remaining after an external field has

eliminated the domain structure and saturated the spontaneous magnetisation. The

remanence can be understood as the aggregate magnetic moment, per unit volume that

remains polarised along some particular energetically favourable direction. Antiferro-

magnets have no net magnetisation as the interaction between adjacent spins favours

an antiparallel arrangement and there are two antiparallel magnetic sublattices. Anti-

ferromagnets can be used in thin film form to stabilise one orientation of magnetisation

of an adjacent ferromagnetic layer. This is known as exchange bias, which is an effect

of exchange coupling between the two materials leading to a unidirectional anisotropy,

not a uniaxial anisotropy. Exchange bias is used to pin the magnetisation of one of

the ferromagnetic layers in spin valves, which are discussed in 1.2.1.1. It is primarily

s-like bands which contribute to conduction in ferromagnetic metals. The magnetism

of these bands is aligned with the magnetisation of the host material by coupling via

s−d or s−f intra-atomic interactions with the core spins of magnetic elements, which

lie in the d or f bands. Electrons which enter a medium which does not have available

states to accommodate their spins are scattered or reflected. This effect is the basis for

many magnetic thin film devices.

1.2.1 Magnetoresistance

The phenomenon of spin selective transport through junctions and the applications of

this effect in technology are of great importance in the modern information age. The

ability to rapidly sense the magnetic moments of discrete microscopic elements and

relate them to the ones and zeroes of Boolean logic enabled a huge increase in mass

data storage capacity and complexity of computational systems over the last 60 years.

This is due to the development of magnetic sensors which have changing resistance
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that is characteristic of the orientation of the stray magnetic field produced by the

microscale structure of the magnetic recording medium.

1.2.1.1 AMR & GMR

The discovery in 1856 that the resistance of bulk iron or nickel subjected to a mag-

netic field depends on the orientation of the field is attributed to the 1st Lord Kelvin,

William Thompson[2]. He noticed that when magnetic field lines lie perpendicular to

the direction of current flow in the magnetic metals, the resistance is lower than when

they are parallel. It would be about a century until this effect was eventually used

to create sensors, and only implemented as read heads in hard drive disks by IBM in

1990. T.R. McGuire and R.I. Potter describe the effect in detail in their review[3]. In

this article the effect is referred to as anisotropic magnetoresistance (AMR) and the

associated figure of merit is the anisotropic magnetoresistance ratio given below.

∆ρ

ρav

=
ρ‖ − ρ⊥

1
3
ρ‖ + 2

3
ρ⊥

(1.22)

The terms ρ‖ and ρ⊥ refer to the resitivities measured with current parallel and per-

pendicular to the magnetic moment of a domain. ∆ρ is the difference ρ‖ − ρ⊥ and ρav

is the average resistivity of a demagnetised ferromagnetic metal given by 1
3
ρ‖ + 2

3
ρ⊥.

The effect is small at room temperature, and an AMR ratio of at most a few percent

can be expected in in materials like Ni0.70Co0.30 for which the ratio at 4 K is about 27%.

The AMR ratio places a limit on the sensitivity of magnetic detection, and hence the

density of magnetic storage and the speed with which the media can be addressed. The

limits were improved by the introduction of sensors based on giant magnetoresistance

and tunnelling magnetoresistance.

Giant magnetoresistance (GMR) was discovered independently in 1988 by Albert Fert

and Peter Grünberg and is described for the first time in the paper by M.N. Baibich, J.

Broto, A. Fert et al. [4]. The effect is based on the scattering of electrons impinging on
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a ferromagnetic metal due to the misalignment of their spins with the magnetisation of

the host material. Devices based on GMR generally consist of two ferromagnetic (FM)

layers separated by a non-magnetic (NM) metallic spacer to prevent magnetic coupling

of the two FM layers. A basic visualisation of a GMR device is shown in Figure 1.2. In

this example the bottom FM layer, known as the free layer, is switched between having

its magnetization (a) parallel and (b) antiparallel relative to the top FM fixed layer.

Both current-in-plane (CIP) and current-perpendicular-to-plane (CPP) arrangements

are shown, along with representative electron paths.

I

I

e↓

e↑

FM
NM

FM

(a) (b)

Figure 1.2: A basic GMR structure in a) parallel and b) antiparallel states. A higher
resistance is associated with the antiparallel arrangement due to the majority spins from one

FM layer being scattered upon entering the second FM layer.

The magnitude of the GMR effect is usually around ten percent, and is given by the

ratio ∆R/R where ∆R is the resistance change in the field and R is the resistance of

the device in zero field. The expression which describes this is

∆R

R
=
Rap −Rp

Rap

(1.23)

where Rap is the resistance of the antiparallel configuration and Rp is that of the parallel

configuration. Pinning one of the magnetic layers to an antiferromagnet by exchange

bias allows the creation of a spin valve, where the free magnetic layer can be switched

relative to the fixed exchange-biased layer [5].
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1.2.1.2 TMR

Tunneling magnetoresistance is the effect seen in magnetic tunnel junctions (MTJ)

which are thin film trilayer structures which contain a 1−2nm barrier of some insulating

material. The effect is described in [1] as follows. The probability T of an electron

tunnelling across a potential barrier of height φ above the Fermi level and width w

from one electrode to an identical electrode on the other side of the barrier is

T = ae−bwφ
1/2

(1.24)

where a and b are constants. Applying a bias to the junction makes the barrier asym-

metric and the tunnelling probability increases. In the case of ferromagnetic electrodes,

the transmission probabilities of electrons of majority and minority spins are depen-

dent on the spin density of states Nmaj/min in each electrode at the Fermi level. The

number of states available for incident tunnelling electrons will depend on the magnetic

alignment of both metals. This is shown schematically in figure 1.3 for the simplest

case, where only spin conserving tunnelling processs are considered. The above expla-

nation is valid in the absence of spin filtering (described in 1.2.1.3), and assumes that

the transmission probability is proportional to the net spin density of states. If G is

the conductance, it follows from this assumption that, for two ferromagnetic metals

separated by an insulator

Gap ∝ N1,majN2,min +N1,minN2,maj (1.25)

Gp ∝ N1,majN2,maj +N1,minN2,min. (1.26)

If we take the maximum magnetoresistance MRmax to be

MRmax =
∆G

G
=
Gp −Gap

Gap

(1.27)
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(a)

(b)

e↑

e↑

Figure 1.3: Schematic of the spin density of states in the conduction bands of two ferro-
magnets for a) antiparallel and b) parallel alignment.

which, if we take the case of two identical metals, can be written in terms of spin

densities for spin up ↑ and down ↓ as

MRmax =
N2
↑ +N2

↓ − 2N↑N↓

2N↑N↓
=

(N↑ −N↓)2

2N↑N↓
(1.28)

then we can express MRmax in terms of the spin polarisation P = (N↑−N↓)/(N↑+N↓)

of the ferromagnets

MRmax =
2P 2

1− P 2
. (1.29)

This expression is reffered to as Jullière’s formula and can be extended to systems with

two metals of different polarisations, P1 and P2 as

MRmax =
2P1P2

1− P1P2

. (1.30)
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1.2.1.3 Spin Filtering

A spin filtering structure of the kind utilised in this project also consists of a ferromag-

netic insulator (FMI) between two non-magnetic metals (M). In this case the potential

barrier heights for spin up and spin down electrons can differ by a few hundred meV.

Tunnelling currents are therefore spin polarised as there is a different transmission

probability for electrons of different spin. The effect was first observed at low tem-

perature in EuS [6] and has since been seen at low temperature in the inverse spinel

oxides NiFe2O4 [7, 8] and CoFe2O4 [9] and at room temperature in CoFe2O4 [10, 11].

The energy diagram of a spin filter is shown in figure 1.4 where E is enegry, V is ap-

plied potential, Φ is the average barrier height, ∆U is the difference in barrier height

for different spins, w is the barrier width and EF is the Fermi level. Spin filtering

is generally measured by superconducting spin analysers using the Meservey-Tedrow

technique [8, 9, 12]. Another efficient form of spin filtering is achieved in Fe/MgO/Fe.

In this case the overlap of the electron wavefunction of Fe with that of MgO ensures a

much higher transmission probability for the highly spin polarised ∆1 band, whereas

the wavefunctions of electrons in other bands which contain minority spins decay much

faster in the barrier [13].

∆U

Φ

V

E

w

Hot electrons

Thermal electrons

EF

Figure 1.4: Potential energy diagram of a spin filtering junction under bias showing thermal
electron and lower energy electron energies.
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1.3 Oxide Electronics and Muliferroics

The field of nanoscale oxide electronics is one that has only recently been opened up

by the development of various thin film deposition techniques such as pulsed laser

deposition, magnetron sputtering and molecular beam epitaxy. These techniques allow

the fabrication of thin films and heterostructures based on complex oxides which display

a broad range of optical, electronic, structural and magnetic behavior, with some of the

most interesting properties arising from the interface [14]. A disadvantage of oxides is

that very few of them are conductive and those that are have high effective electron

masses usually related polaron formation in the ionic lattice. The diversity in the

properties of complex oxides is largely due to the fact that they are highly electronically

correlated systems and often consist of various cations of different valences. Here we

provide a brief introduction to the multiferroic effects that are associated with oxides

in the context of oxide electronics.

The phenomenological coupling of magnetic and electric properties are described in

[15] and the perturbative thermodynamic expression for the associated free energy per

volume F is

F = F0 −Ps · E− µ0Ms ·H−
1

2
ε0χEE2 − 1

2
µ0χMH2 − αE ·H (1.31)

with the last term, containing the magnetoelectric coupling constant α in units of

s m−1 is the linear magnetoelectric contribution to the reduction in free energy. In

single phase magnetoelectric compounds α can be as large as 36.7 ps m−1 in TbPO4

[16] and even much larger in composite materials such as BaTiO3/CoFe2O4 where it

reaches ≈ 720 ps m−1 in dynamic measurements [17]. Here H is the applied magnetic

field, E is the applied electric field, ε0, µ0, χM and χE are the vacuum permittivity,

permeability, magnetic and electric susceptibilities and Ps and Ms are the spontaneous

polarisation and magnetisation, respectively. Before discussing some of the specific
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phenomena which couple magnetic and electric order, it is instructive to consider the

symmetry of crystal systems which can accommodate these orders.

1.3.0.1 Group Symmetry: Crystallographic and Magnetic Point Groups

The magnetic properties of materials are inextricably linked to the symmetry of the

crystals which posses them, and hence can be understood in terms of group theory,

specifically to crystallographic group theory. Point groups are sets of symmetry opera-

tions under which an object or set of objects is mapped onto identical objects, leaving

one point fixed. The operations, in Hermann-Mauguin notation, the symbols of which

consists of n-rotation axes, n-rotoinversion (rotation and inversion about a point on

the axis of rotation), mirror planes m (equivalent to rotoinversion 2), and n
m

for mirror

planes perpendicular to n-rotational axes which can be written as n/m in a ‘short sym-

bol’ if all other rotation axes can be obtained by the symmetry elements present in the

symbol, for example 4
m

2
m

2
m

can be written as 4/mmm. Supplementing these operations

with two more operators, the identity operator E and the inversion operator i, we can

describe the operations in terms of a set of operators {E, n,m, i}, where there can be

multiple n and m.

Crystallographic point groups are those point groups which also have translational sym-

metry. Table 1.1 lists the Hermann-Mauguin (HM) symbols for the 32 crystallographic

point groups, their classes and the order of the group which is the number of unique

operations defining the group.

The crystallographic point groups apply to lattices of points, and do not necessarily

apply to vectors. Two types of vector, polar and axial, correspond to those with

a direction and those with both a direction and a sense of rotation. These can be

understood as lattice sites with electric polarisation and magnetic moment, respectively.

As we define a magnetic moment in terms of a circulating current I loop of arbitrary

area A by |m| = IA with the direction of the moment given by the current direction,

the effect of a mirror plane depends on the relative orientation of the moment. If
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Table 1.1: The crystallographic point groups in different crystal systems and their order.

Crystal System HM (Long) HM (Short) Order
Triclinic 1 1 1

1 1 2
Monoclinic 2 2 2

m m 2
2
m

2/m 4
Orthorhombic 222 222 4

mm2 mm2 4
2
m

2
m

2
m

mmm 8
Tetragonal 4 4 4

4 4 4
4
m

4/m 8
422 422 8

4mm 4mm 8
42m 42m 8
4
m

2
m

2
m

4/mmm 16
Trigonal 3 3 3

3 3 6
32 32 6
3m 3m 6
3 2
m

3m 12
Hexagonal 6 6 6

6 6 6
6
m

6/m 12
622 622 12

6mm 6mm 12
6m2 6m2 12
6
m

2
m

2
m

6/mmm 24
Isometric 23 23 12

2
m

3 m3 24
432 432 24
43m 43m 24
4
m

3 2
m

m3m 48

we now consider this effect on a moment perpendicular to a mirror plane, we find

that the result is a moment with the same direction. If the moment is parallel to

the mirror plane, the moment is reversed under the mirror operation. Applying the

same logic to electric dipoles, which are described by polar vectors, we can see that

a mirror operation on a polar vector perpendicular to the mirror plane reverses the

direction of the polarisation, and does not effect the direction of one parallel to the
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plane. There are 12 of the 32 crystallographic point groups which are ferromagnetic

when the magnetisation has a component along the rotation axis or perpendicular to

the mirror plane, which are 1, 2,m, 2/m, 3, 3, 4, 4, 4/m, 6, 6 and 6/m. Of these, magnetic

subgroups can be generated by combining the elements of a given group with R, the

time reversal operator, where for any operator O the ‘anti-symmetry’ operator O′ is

generated by

RO = OR = O′. (1.32)

For the set of basic operators of point group symmetry {E, n,m, i} there is a set of anti-

symmetry operators {R, n′,m′, i′} giving a full set of {E, n,m, i, R, n′,m′, i′, }. Mag-

netic point groups are made by identifying elements of halving subgroups (subgroups

of index 2) of crystallographic point groups, subtracting the elements, operating on the

remaining elements with R and combining subtracted elements with the derived ele-

ments, repeating for all remaining elements of the halving subgroup. Table 1.2 lists the

crystallographic point groups and the 58 corresponding magnetic point groups, where

the symbols of the 31 groups that allow for a ferromagnetic state are given in bold font.

This in general follows the rule that for ferromagnetic crystals, the magnetisation vec-

tors must lie along the highest 2,3,4,6-fold axis and be perpendicular to the mirror

planes. It must also be perpendicular to the twofold anti-symmetric rotation axes (2′)

and parallel to anti-symmetric mirror planes m′. Somewhat contrarily for ferroelectric

crystals, the polarisation must lie along the highest 2,3,4,6-fold axis, be perpendicular

to the anti-symmetric mirror planes and twofold anti-symmetric axes and parallel to

mirror planes [18].
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Table 1.2: The crystallographic point groups and related magnetic point groups. Ferro-
magnetic group symbols are given in bold.

Point Group Magnetic Point Group
1

1 1
′

2 2′

m m′

2/m 2′/m′ 2/m′ 2′/m′

222 2′2′2
mm2 m′m′2 2′m′m
mmm mm′m′ m′m′m′ mmm′

4 4′

4 4
′

4/m 4′/m 4/m′ 4′/m′

422 4′22′ 42′2′

4mm 4′mm′ 4m′m′

42m 4
′
2m′ 4

′
m2′ 42′m′

4/mmm 4′/mmm′ 4/mm′m′ 4/m′m′m′ 4/m′mm 4′/m′m′m
3

3 3
′

32 32′

3m 3m′

3m′ 3m 3
′
m′ 3

′
m

6 6′

6 6
′

6/m 6′/m′ 6/m′ 6′/m
622 6’22’ 6m′m′

6mm 6′mm′ 6m′m′

6m2 6
′
2m′ 6

′
m2′ 6m′2′

6/mmm 6′/m′mm′ 6/mm′m′ 6/m′m′m′ 6/m′mm 6′/mmm′

23

m3 m′3
′

423 4′32′

43m 4
′
3m′

m3m m3m′ m′3
′
m′ m′3

′
m

1.3.0.2 Antisymmetric Exchange

One of the effects which is important in the pursuit of functional multiferroics is that

of antisymmetric exchange. It’s associated energy takes the general form

H = −D · [S1 × S2] (1.33)
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Fe3+

O2−

a
c

b

[111]

Figure 1.5: The unit cell of α-Fe2O3 showing the antiferromagnetic spin structure and the
(111) plane bisecting the unit cell.

where D is a constant vector. This term in the Hamiltonian is needed to account

for the fact that anti-symmetric coupling is possible between two ions with oppositely

directed moments in a crystal as a direct consequence of the time reversal symmetry

of magnetic moments under certain conditions of symmetry. Consider the example of

α-Fe2O3 introduced by I. Dzyaloshinski [19], the structure of which is shown in 1.5.

The spin only antiferromagnetic configuration of the four Fe3 ions in the unit cell along

the trigonal axis is s1 = −s2 = −s3 = s4 with the spins lying parallel to the symmetry

plane bisecting the trigonal axis along the [111] direction. In order to explain why weak

ferromagnetism is observed in α-Fe2O3, Dzyaloshinski determined that the magnetic

symmetry of the antiferromagnetic state and one with all spins rotating away from the

symmetry plane were identical by constructing the magnetic space group from the crys-

tallographic space group of α-Fe2O3 (R3c in the Hermann-Mauguin short notation, D6
3d

in Schoenflies notation) by combinations of R (the time reversal symmetry operator

of section 1.3.0.1) with the allowed symmetry operations of the crystallographic space

group. He found that the two states were equivalent by symmetry. T. Moriya then

showed that while equation 1.33 describes the energy of the interaction phenomenolog-

ically, it was necessary to invoke spin-orbit coupling to describe the microscopic origins

of the effect [20] and explicitly calculate D. Antisymmetric exchange is therefore also

called the Dzyaloshinski-Moriya interaction (DMI).

One of the driving causes of antisymmetic exchange in superexchange-coupled oxide an-

tiferromagnets is the distortion of the oxygen sublattice relative to that of the cations,
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as it is through the oxygen lattice the magnetic cations have superexchange interac-

tions. This coupling of magnetism and structure is one of the mechanisms by which

multiferroicity is realised, as relative displacements of cations and anions caused by

ferroelectric polarisation can influence the bond angles defining the superexchange.

1.3.0.3 Inversion Symmetry Breaking at interfaces

The corresponding symmetry effect for artificial multiferroics is the Rashba-Dresselhaus

spin-orbit coupling. G. Dresselhaus first described how the bulk spin-orbit coupling

leads to band splitting in zinc-blende structures [21] and E. I. Rashba [22, 23] (Russian

and English). The effect in both cases is due to the effect of the crystal field gradient in

crystals on moving electrons. Consider that an electron moving in a magnetic field with

momentum mev, experiences a force F = −ev×B and has Zeeman energy of EZ = m·

B. In analogous terms, the electron moving in an electric field experiences an effective

magnetic fieldBeff ≈ E×v/c2 where c is the speed of light. The corresponding Zeeman

energy is the spin orbit coupling ESO ≈ (E×v)·m/c2 [24]. In centrosymmectric crystal

systems this is averaged out, but in systems which lack spatial inversion symmetry and

have significant spin-orbit coupling, this effect becomes significant and can lead to the

creation of spin currents. In artificial (not-single phase) systems like interfaces and

graded compounds, the symmetry is also broken. This provides a means to influence

the effective spin-orbit field by ferroelectic layers due to surface charges induced by the

polarisation.

1.3.1 Intrinsic Multiferroic Materials

Non-volatile magnetic random access memory (MRAM) technologies have reached the

limit of Ørsted field writing capabilities and much research effort is being made to

find new data storage media. One method employed to achieve this without the use

of external magnetic fields is spin-transfer torque (STTRAM) technology, which uses

an injected spin current from one ferromagnet to switch the magnetisation of a free
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layer by transfer of carrier spin angular momentum to the free layer magnetisation.

This method, however, may suffer from Joule heating problems because of the high

current density required and dielectric breakdown in the magnetisation reversal mech-

anism. Another new mechanism by which the magnetic properties of a material can

be addressed by electric field control is that of intrinsic magnetoelectric multiferroicity

which is defined as simultaneous existence of multiple ferroic orders in a given material,

such as magnetic and ferroelectric orders [25, 26]. The field of multiferroics has had

a relatively recent surge in interest. The first discoveries leading to an understanding

of magnetoelectric coupling were Röntgen’s discovery that a moving dielectric became

magnetised when placed in an electric field in 1888 [27] and the subsequent discovery

17 years later of electric polarisation in a dielectric rotating in a magnetic field [28].

In 1894, P. Curie recognised that symmetry could drive magnetoelectric coupling in

stationary crystals [29], but it was decades later before it was realised that the effect

requires time asymmetry. This was first considered by Landau and Lifshitz [30] and

shown explicitly Dzyaloshinski [31]. Interest in the magnetoelectric effect declined for

about 20 years from 1970s until the 1990s, due in part to the small scale of the ef-

fects observed and the small number of compounds which displayed the behaviour, of

which many had Curie or Néel temperatures below room temperature. With the new

experimental techniques available in the 1990s, the field was revived.

A famous example of multiferroic order in a material is that of BiFeO3, a rhombohedral

ferroelectric antiferromagnetic oxide with a ferroelectric Curie temperature of≈ 1095 K,

and polarisation along the pseudocubic [111] direction [32]. The magnetic structure of

bulk BiFeO3 is antiferromagnetic along the pseudocubic [111] axis, and ferromagnetic

within in the (111) planes. It has a Néel temperature of 643 K. The ferroelectricity

resides in the lone pair of s2 orbital electrons on bismuth, which are displaced relative to

the atomic nucleus in an applied electric field to produce a net dipole moment centred

on the A-site of the ABO3 perovskite. The magnetism of BiFeO3 comes from the B-site

Fe3+ cation, which is surrounded by six antiparallel spins on the nearest Fe neighbours.

The spins are not perfectly antiparallel due to DMI (section 1.3.0.2) and have a net
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magnetic moment perpendicular to the trigonal axis (the pseudocubic [111] direction

in this case). In BiFeO3 it is related to the rotational distortion of oxygen octahedra

along the [111] axis. Superimposed on the weak ferromagnetism is a cycloidal rotation

of the moments along the [110] directions [33].

P

Bi2+ Fe3+ O2−

Figure 1.6: Schematic of polarisation in BiFeO3, along the [111] direction.

The effect of polarising the material is to distort the structure rhombohedrally as shown

in figure 1.6 which influences the rotations of the oxygen octahedra.

1.3.2 Artificial Multiferroic Materials

The ferroic properties such as ferroelectricity, antiferroelectricity, ferromagnetism, an-

tiferromagnetism, and ferroelasticity, can couple in a number of different ways in ma-

terials [34–38]. Here we are concerned with the magneto-electric coupling α between

two thin films. One interesting mechanism by which this can happen is analogous

to the standard field effect transistor (FET) gating effect. Polarised ferroelectric thin

films have an effective surface charge at each surface. Polarisation of a ferroelectric

layer in contact with a metal layer leads therefore to a compensating mirror charge

effect in the metal. This screening charge is efficient over the Thomas-Fermi length

λTF = (e2ρ/ε0)−1/2, where ρ is the density of states, e is the electron charge and
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ε0 is the vacuum permittivity [39]. The effect is particularly pronounced in carrier-

mediated magnetic materials such as mixed valence magnanites like La0.7Sr0.3MnO3,

where λTF ≈ −0.2 nm [40]. λTF can be spin dependent, and hold separate values for

different spin densities of states [41] and hence modify the magnetism.

1.4 Scope of Thesis

In this thesis, a number of different material systems are investigated with their poten-

tial technological applications in mind. The overarching goal of the work is to create

a functional all-oxide device which utilises both ferroelectricity and ferromagnetism to

achieve low energy voltage controlled tunnelling magnetoresistance via an artificially

multiferroic tunnel junction. The design of such a device is that of a spin filtering

tunnel junction, where the spin filtering effect is provided by NiFe2O4 or CoFe2O4 tun-

nel barriers, utilising La0.7Sr0.3MnO3 as a ferromagnetic spin analyser layer. SrRuO3,

a conductive paramagnetic oxide at room temperature, serves as the other electrode

in this design. The multiferroicity of the device comes from the combination of the

spin filtering layer with a ferroelectric BaTiO3 layer to create an artificially multifer-

roic tunnel barrier which utilises the stable polarisation states of the ferroelectric in

combination with the spin filtering of the NiFe2O4 or CoFe2O4 layer.

Before this can be achieved, however, it is necessary to look at the components of this

device in isolation, and address issues associated with each layer. Chapter 3 deals with

La0.7Sr0.3MnO3, the ferromagnetic layer, which is affected by the presence of a mag-

netic and electronic dead layer, a region of insulating and non-magnetic film existing

at either the free surface of interface of the films with the substrate on which they are

grown. Chapter 4 then deals with the spin filtering layers, and obtaining suitable condi-

tions for the growth of tunnel barrier layers, while still retaining the desired properties

of NiFe2O4 and CoFe2O4. Chapter 5 explores the antiferromagnet NiO, a potential

exchange bias layer in oxide spintronic devices, although in this work it is not incorpo-

rated into the final device structure, but examined buy a novel method of determining
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the antiferromagnetic exchange constants, resonant inelastic X-ray scattering (RIXS).

The final experimental chapter, chapter 6, examines BaTiO3 thin films and their ferro-

electricity, and deals with the electrical characterisation of the fully integrated artificial

multiferroic stack mentioned above.



Chapter 2

Experimental Methods

In this section, I will discuss the various experimental techniques used during the course

of my PhD. The majority of thin films are grown by pulsed laser deposition in a chamber

supplied by SURFACE technology (GmBH). The targets used as source material for

the pulsed laser deposited films are synthesised by solid state chemical reactions and

formed into pellets by pressing and sintering. Devices are primarily fabricated by UV

lithographic techniques, in combination with Ar plasma milling and hydrofluoric acid

based wet chemical etching processes. Microstructural properties and thickness of thin

films are characterised by X-Ray diffraction (XRD) and X-Ray reflectometry (XRR)

respectively. Reciprocal space mapping (RSM) is also performed to determine the

strain and volume conservation of films. Magnetic characterisation is carried out by

vibrating sample magnetometry (VSM) in a physical property measurement system

(PPMS) with a 14 T superconducting magnet, as well as superconducting quantum

interference device (SQUID) magnetometry and synchrotron X-Ray magnetic circular

and linear dichroism (XMCD and XMLD).

2.1 Pulsed Laser deposition

The technique of pulsed laser deposition (PLD) is a method for the growth of thin

films which utilises high energy laser pulses to ablate a target material and transfer

it to a substrate. It was first applied experimentally by Smith and Turner using a Q-

switched ruby laser to deposit a number of different materials by ablation of powders in

vacuum [42]. Among the various physical vapour deposition techniques used in thin film

fabrication, it is perhaps PLD which has been most extensively used to deposit films

of complex oxides over the last 30 years. The prevalence of PLD began after a surge in

popularity with it’s successful application by Dijkkamp in the growth of high quality

27
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Medium Wavelength Energy

ArF 193 nm 6.4 eV
KrF 248 nm 5.0 eV
XeF 351 nm 3.5 eV

Bond Diss. Energy [44]

Mn - O 4.21 eV
Sr - O 4.17 eV

Mn - Mn 0.9 eV

Table 2.1: Wavelengths associated with emissions from various excimer laser active media
and the dissociation energies of common metal oxide bonds.

superconducting YBCO films using an excimer laser [43]. PLD is often the method

of choice for the deposition of complex metal oxides over other thin film deposition

techniques such as sputtering, molecular beam epitaxy (MBE) and evaporation. This

is due to the readily achievable stoichiometric transfer of species from the target to

the substrate by control of the laser energy and the wide range of chamber pressures

and substrate temperatures in which a controllable growth rate can be achieved. This

pressure and temperature control allows for the crystallisation and oxidation of films

as they grow, and can be fine tuned to achieve control over the growth mode and

morphology of films. The limitation of PLD is in both the complexity of the interaction

of the laser pulse with the matter of the target material and the difficulty in scaling up

the process for large area deposition.

The photon energies of excimer lasers lie in the range 3.5 - 6.4 eV and are comparable

to the dissociation energies of many bonds in ceramic materials and metals, such as

those shown in table 2.1. Rapid heating of the target material for the pulse duration

(25 ns) causes the vaporisation of the surface layers. The vaporised material is ionised

by interaction with the laser photons.

2.1.1 Target preparation

The basic process for creating targets for pulsed laser deposition is a solid state reaction

involving the oxides of the various cations that constitute the required compound. A

stoichiometric mixture of the cations (disregarding the oxygen stoichiometry) is ground

manually in a mortar and pestle until the mixture is visibly homogeneous and fine. It

is important to note that some oxides (e.g. La2O3 ) are hygroscopic, and need to
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be dried at around 200 ◦C for about 5 hours prior to weighing. The powder is then

calcined at an appropriate temperature (e.g. 1000 ◦C is an appropriate temperature for

the formation of La0.7Sr0.3MnO3 ) in oxygen or atmosphere for up to 20 hours. After

calcination the powder is reground and pressed to form a 19 mm pellet under a static

pressure of 150 bar for 10 minutes in air. The pellet is then sintered in atmosphere

at high temperature for a further 12 − 15 hours before it is ready to be used. X-ray

diffraction, discussed in section 2.2.1, should be used at this point to assess the quality

of the pellet. Another method for the fabricating targets such as La0.7Sr0.3MnO3 which

have hygroscopic source materials is to dissolve the nitrates of the cations in water,

again with the desired cation ratio, for more effective mixing. The water must be

evaporated and the precipitate calcined at high temperature in oxygen or atmosphere.

It is important to note that the calcination should be performed in a well ventilated

room, ideally in a fume hood, to avoid the inhalation of nitrogen based gases released

during the process. The calcined powder can then be processed as above into targets

by pressing and sintering.

2.1.2 Substrate Preparation

For many of the films grown on SrTiO3 substrates during the work presented in this

thesis, a HF acid treatment is performed on the (100)-oriented SrTiO3 to achieve a

TiO2 termination, as introduced by Kawasaki et al. in [45]. The motivation for this

is to be able to reliably reproduce the initial growth mode of SrRuO3 and obtain an

atomically regulated epitaxial growth during pulsed laser deposition.

Substrates are initially soaked in de-ionised water for 10 minutes to form a Sr-OH

complex, so as to increase the etch selectivity of the NH4F buffered hydrofluoric [7 : 1]

acid solution towards regions of SrO termination, as in [46].
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Layer-by-Layer Volmer-Weber Stanski-Krastanov

Figure 2.1: Diagrams of the three main growth modes in thin film deposition.

2.1.3 Thin Film Complex Oxides

Most of the samples fabricated for this work consist of PLD-grown oxide thin films.

Stable growth of oxide crystals requires a precise control of the sample temperature,

atmospheric pressure and composition, energy of the additive species and material

flux. Under specific stable conditions for a given oxide, high-quality epitaxial films of

precise stoichiometry can be grown. As mentioned in section 2.1, the pedigree of PLD

is testament to it’s applicability to the growth of such films, and hence is the method

chosen for this work. The growth of epitaxial thin films in general can be characterised

by the different growth modes by which a film is formed. These consist primarily of the

Frank-van der Merwe (hereafter referred to as layer-by-layer growth), Volmer-Weber

(3D island growth and coalescence), Stranski-Krastanov (layer-by-layer transitioning

to Volmer-Weber) [47] and in the case of SrRuO3, step-flow growth [48]. The growth

mode of each material is determined in-situ by reflection high energy electron diffraction

(RHEED), as explained in section 2.2.3. The mode of film formation can be viewed

from a basic thermodynamic standpoint, where one considers the energies of the free

surfaces γA,γB and interfaces γ∗ in the growth system.

γA + γ∗ 6 γB (2.1)

γA + γ∗ > γB (2.2)

The Volmer-Weber growth mode, where island growth and coalescence are observed,

is described by the first case. In this mode, the species arriving at the surface are

strongly bound to each other, and the free energy is reduced to a greater degree by
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forming clusters or islands than by bonding to the substrate. Layer-by-layer growth

is more appropriately described by the second case. Here atoms or molecules arriving

at the substrate surface are more strongly bound to the substrate than to each other,

so condensing species form a complete monolayer. The second layer is slightly less

tightly bound than the first, and there is a monotonically decreasing surface binding

energy with each layer. As long as the binding energy decreases monotonically, the

layer-by-layer growth can continue. Stranski-Krastanov growth is something of an

intermediate case, where some factor interrupts the monotonic decrease in binding

energy, and islands are formed on the initial interfacial layer. In step flow growth, the

deposited species find energy minima at the step edges of a terraced surface, where

there are the highest number of dangling bonds.

2.1.3.1 Growth of La0.7Sr0.3MnO3

There exists a wealth of literature too broad to catalogue here on the growth of thin film

manganites, and the preponderance of those are concerned with the growth, by PLD,

of La0.7Sr0.3MnO3 (LSMO) [49–54]. There are also many papers on the growth of high

quality LSMO by DC and RF magnetron sputtering [55–58], and it is assumed for the

purpose of this work that these films are of comparable quality to those grown by PLD.

Optimised conditions for the growth of LSMO on SrTiO3, La0.26Sr0.76Al0.61Ta0.37O3

(LSAT) and LaAlO3 substrates determined during this work are summarised in Table

2.2. The parameter space is thoroughly explored by varying the substrate temperature

T from 650 - 900 ◦C, the laser repetition rate flaser from 1 - 5 Hz, the laser fluence

from 0.6 - 1.6 J/cm2, and the oxygen pressure PO2 from 0.07 - 0.35 mbar. The growth

mode of LSMO is found to be layer-by-layer under the most ideal conditions, leading

to reasonably low roughness and fully strained films on SrTiO3 and LSAT substrates,

while the recrystallisation of LaAlO3 substrates makes it difficult to determine whether

the high roughness could be attributed to the substrate or the film itself.
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Table 2.2: Optimised deposition conditions of LSMO using the PLD system described in
section 2.1

T (◦C) PO2 (mbar) Fluence (J/cm2) flaser (Hz) ∆d
∆t

(nm/min)
700 0.3 1.3 3 1.3

2.1.3.2 Growth of SrRuO3 and BaTiO3

SrRuO3 is an orthorhombic perovskite with a = 557.3 pm, b = 785.6 pm and c =

553.8 pm, with four formula units per cell. It can be reduced to a pseudocubic unit

cell with one formula unit, and apc = 392.8 pm, which matches the lattice parameter

of SrTiO3 of 390.5 pm reasonably well. Under the conditions shown in table 2.3, the

films are found to grow by the step-flow growth mode after an initial three to four

layers growing layer-by-layer, and at higher fluence, the coalescence of steps causes

the formation of steps many unit cells high. SrRuO3 is found to have more of a

dependency on the substrate preparation conditions than other oxides grown during

this work, where films grown on the mixed termination SrTiO3 (001) surface tend to

have a higher roughness than those which have been HF treated (section 2.1.2). This

is likely due to a difference in diffusivity of the species arriving at the surface during

deposition.

Table 2.3: Optimised deposition conditions of SrRuO3 and BaTiO3 by PLD.

Film T (◦C) PO2 (mbar) Fluence (J/cm2) flaser (Hz) ∆d
∆t

(nm/min)
SrRuO3 700 0.1 1.5 5 2
BaTiO3 600 0.01 1.2 1 1.8

BaTiO3 is found to grow in the layer-by-layer growth mode under the conditions shown

in table 2.3. It is highly sensitive to the oxygen pressure and laser fluence used during

deposition. At low oxygen pressure, defects formed during deposition could lead to

conductivity [59] and low laser fluence causes changes in the surface crystal structure,

observed by RHEED. The structural changes may be due to changes in the stoichiome-

try which have been shown to occur at low fluence [60]. At high pressures and fluence,

the films become rough as a result of increased collisions with gas causing coalescence

and droplet forming effects, respectively.
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2.1.3.3 Growth of NiO, NiFe2O4 and CoFe2O4

The growth of NiO thin films for this work is achieved by PLD on MgO substrates of

(100) and (110) orientation. Optimised growth conditions are given in table 2.4 and are

determined from starting conditions based on previous reports as the growth of NiO

is well established by PLD. Although many reports describe the deposition at room

temperature [61–63], the decision reported here are deposited at elevated temperatures

to ensure the the films were smooth and highly crystallised, in the hopes of minimising

the number of grain boundaries and defects which could serve as nucleation sites for

magnetic domains. Nonetheless it is important to optimise the laser fluence used,

as there is often considerable disagreement in the values of fluence used for a given

material growth process across the literature.

Table 2.4: Optimised deposition conditions of NiO, NiFe2O4 and CoFe2O4 by PLD.

Film T (◦C) PO2 (mbar) Fluence (J/cm2) flaser (Hz) ∆d
∆t

(nm/min)
NiO 600 0.01 1.2 5 1.8

NiFe2O4 400 0.045 1.0 5 0.2
CoFe2O4 600 6 1× 10−6 2.0 10 1.8

After deposition, the films are annealed at 600 K under an applied magnetic field of

500 mT at one atmosphere of ambient pressure for one hour. The sample is oriented so

that the applied field is along the [110] direction in each case, so that the Ni spins were

oriented along the axis perpendicular to one of the 〈112〉 easy axes in the magnetic

structure of NiO (see section 5.0.1). The annealing temperature is set above the Neél

temperature so that the film is in a paramagnetic state, and hence it is possible to

orient them. The apparatus is shown in figure 2.2.

Upon cooling in field, the spins should orient evenly along a single easy axis perpen-

dicular to the applied field direction. The purpose of the magnetic annealing step is to

limit the number of antiferromagnetic domains to as few as possible.

Table 2.4 also shows optimised deposition conditions for NiFe2O4 and CoFe2O4. NiFe2O4

grows at a particularly low deposition rate, and is optimised for growth only on SrRuO3
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Figure 2.2: Schematic of the magnetic annealing furnace used during the fabrication of
single domain NiO thin films.

buffer layers. There is a limited amount of literature on epitaxial PLD-grown NiFe2O4

[64–66], which necessitates the optimisation of the growth parameters from a basic

standpoint. First, the ablation threshold of the target material is found using a Lang-

muir probe to sense the onset of plasma flux due to laser ablation, and the parameter

space is explored by variation of temperature and oxygen pressure, using long deposi-

tion times in case of low deposition rates.

CoFe2O4 has been optimised in collaboration with a fellow PhD researcher, F. Eskandri.

An extensive parameter space has been explored, due to the effect of oxygen pressure

on the magnetisation which is discussed in chapter 4. CoFe2O4 is grown on MgO,

LaAlO3,MgAl2O4, LSAT and SrTiO3 substrates under a range of different conditions.

Those quoted in table 2.4 give the best magnetic and structural properties, where the

effects of substrate strain are observed, as well as the highest magnetisations.
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2.2 Analysis of Crystal Structure

In this section, the various methods used to determine the microstructural properties

of samples prepared during this work are described. Initially, a general description

of X-ray diffraction is given with descriptions of the two formulations of diffraction,

namely the Bragg and von Laue formulations. Then symmetric X-ray diffraction and

reciprocal space mapping measurements are described, followed by a brief description of

X-ray reflectometry. Finally, an overview of reflection high energy electron diffraction

is given.

2.2.1 X-Ray Diffraction

The theory of X-ray diffraction can be described based on the Bragg formulation,

named after William Henry Bragg and his son William Lawrence Bragg who proposed

the model in 1913 [67]. In this formulation, the crystal which is to be analysed is

considered to be made up of semi-transparent atomic sheets (hence it is referred to

as specular reflection from planes). The geometrical model presented in figure 2.3 is

mathematically represented as

nλ = 2dsin(θ) (2.3)

where λ is the wavelength of the X-ray light used, d is the distance between neigh-

bouring planes and θ is the angle of incidence. By this formulation the reflections for

every family of planes within a crystal can be indexed and every value of θ can have a

corresponding lattice constant associated with it.

The von Laue formulation, proposed by Max von Laue at around the same time, does

not require the division of a crystal into planes or an assumption of specular reflection

[39]. The model of the crystal used for the formulation is that of an array of discrete

identical objects placed at sites R of a Bravais lattice. These objects serve to scatter

the incident radiation in all directions. Peaks are observed when the direction of X-rays

of a given wavelength are scattered from all lattice points and interfere constructively.
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Figure 2.3: Diagram of Bragg diffraction from planes.
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Figure 2.4: Illustration of path difference between rays scattered between two points sepa-
rated by displacement vector d.

Considering at first just two scatterers separated by a displacement vector d, an incident

X-ray along the direction n with wavelength λ and wavevector k = 2πn/λ will produce

a scattered ray in the direction n′ with wavelength λ and wavevector k′ = 2πn′/λ if

the path difference between the scattered rays from the two scatterers is an integral

number of wavelengths. Given the geometrical consideration of figure 2.4 the path

difference is

d · cos(θ) + d · cos(θ′) = d · (n− n′). (2.4)

Taking into account the condition for interference

d · (n− n′) = mλ; m ∈ Z (2.5)

and multiplying both sides by 2π/λ

d · (k− k′) = 2πm; m ∈ Z (2.6)
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we get an expression in terms of the wavevectors. Now we extend the two point lattice

to an array of scatterers, with the origin at one point on the lattice. The Bravais lattice

vectors R define the spacings between lattice points so the condition 2.6 holds for all

values of R. Therefore

R · (k− k′) = 2πm; m ∈ Z (2.7)

or equivalently

ei(k−k
′)·R = 1 (2.8)

is the condition for constructive interference in the von Laue formulation. Given the

definition of a reciprocal lattice vector K, eiK·R = 1, (k− k′) is a reciprocal lattice

vector.

2.2.1.1 Symmetric θ − 2θ scans

Symmetric X-ray diffraction scans shown in this work are performed on three four-circle

goniometers, a Phillips Panalytical X’Pert Pro, a Bruker D8 Advance powder diffraction

and a Bruker D8 High Resolution XRD system. All three of these diffractometers

utilise multi-strip detectors, which allow for the integration of each point along 2θ

over the detector array for quick acquisition. The Phillips and Bruker High Resolution

systems use Cu-tube Kα (λCu,Kα = 154.05 pm) radiation as the primary probing X-ray

wavelength, although in the latter case, a Gobel mirror is used in conjunction with

a monochromator to provide parallel X-rays as opposed to the point source of the

Philips machine. The Bruker Powder diffractometer uses a point source Mo-Tube for

a wavelength of λMo,Kα = 70.929 pm.

In the case of oriented thin films on single crystal substrates, the scans are symmetric

about the direction normal to the primary crystalline plane of the polished face of the

substrate. In this way, as the angle 2θ is varied by symmetrically varying the angular

positions of the detector and source, only reflections belonging to the primary family

of planes will be detected, as well as reflections from planes within the crystalline thin

film with periodicity in the direction normal to those planes.
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Figure 2.5: Reitveld fitting of the powder diffraction patern of a corundum target using
Mo Kα radiation.

The diffraction patterns of powders in symmetric XRD scans are collected by scans

symmetric about the direction normal to some flat surface of the powder such as the flat

face of a pressed pellet or a carefully levelled loose powder. Because of the statistically

large number of randomly oriented crystallites that exist in a sufficiently large sample

of micro- or nano-powder, there will be particles which show periodicity in the normal

direction defined above for any given family of planes. This is aided by the use of

divergent X-ray sources, which probes a small distribution of periodicities for a given

2θ angle, allowing for slight misalignment or crystallites to the normal direction. Figure

2.5 shows a powder diffraction pattern of a corundum (Al2O3) reference target fit using

the Rietveld method [68–71].

2.2.1.2 Reciprocal Space Mapping

Reciprocal or diffraction space mapping involves making a 2-dimensional map of the

diffraction pattern about a particular reflection by asymmetrical scans (from atomic

planes which are not in the plane of the film), where the two dimensions that are
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Figure 2.6: Schematic of X-ray diffraction geometries for (a) symmetric and (b) asymmetric
scans.

recorded are ω (rocking curves) and 2θ (detector scans) or ω−2θ (coupled scans). The

ω and 2θ angles are shown schematically in figure 2.6 for symmetric and asymmetric

scans for a (001)-oriented single crystal.

The strain imposed on epitaxial thin films by the substrate is biaxial in the plane of the

film, so a symmetric scan of θ − 2θ will give information on the perpendicular lattice

parameters (the separation atomic planes parallel to the film plane, or perpendicular to

the growth direction) but contains no information on the in-plane lattice parameters.

Normally, these can be inferred by assuming the conservation of the volume of the unit

cell, but this makes assumptions about the homogeneity of the films in terms of strain

and composition that are not necessarily borne out in reality. To map the diffraction

pattern of planes which have components of their reciprocal lattice vectors in the plane

of the film however, it is necessary not only to perform asymmetric scans about the

corresponding planes of the substrate, but also to vary the angle ω, as the planes are no

longer constrained to be parallel to those of the substrate as in the case of symmetric

scans.

To understand how a map of the reciprocal space (RSM) can be made about a point in

the reciprocal lattice of a single crystal, consider the region of reciprocal space which

can be probed by an incoming X-ray of wavelength λ (wavevector k̂in) shown in the
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Figure 2.7: Schematic representation of the region of reciprocal space that can be probed
by X-Rays of wavelength λ. Adapted from [72].

light grey region of figure 2.7. The array of points represent conditions for the fulfilment

of the Bragg condition, equation 2.3, for a given reflex in plane of the reflection. The

vector Q = k̂in − k̂out is the probe of reciprocal space when performing the RSM

experiment. The dark grey regions of the figure are inaccessible due to the geometry of

Bragg scattering, where the beam must enter and exit the sample via the top surface,

giving the boundary condition 0 < ω < 2θ, where the scattering angle 2θ corresponds

to an arbitrary position of the detector with respect to the incoming beam. The map

can be drawn by rastering the following degrees of freedom: varying ω (rocking curve)

traces an arc centered on the origin, varying the detector position, 2θ traces an arc

along the Ewald sphere circumference and a coupled ω − 2θ scan traces a straight line

away from the origin.

To map the angular coordinates (ω,2θ) of a scan to q-space coordinates, the following

geometric relationship is used

(qx, qy) =
2π

λ
([sin(2θ − ω) + sin(ω)], [cos(ω)− cos(2θ − ω)]). (2.9)
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Figure 2.8: Reciprocal lattices of two different single crystals of similar unit cell dimensions
which may be epitaxially compatible.

A thin film and substrate typically have slightly different lattice parameters where

epitaxy is concerned, and as a result have different reciprocal lattices. A depiction of

two different reciprocal lattices is shown in figure 2.8.

In the case of perfect epitaxy of materials with cubic crystal symmetry, the substrate

constrains the periodicity of the film in the plane of the film, thereby matching the

positions of the reciprocal lattice points in the plane. There is a corresponding dis-

placement of out-of-plane points from their equilibrium positions by conservation of

the unit cell volume, giving a tetragonal distortion. When the film is relaxed, and

there is no epitaxial constraint, a symmetric scan and an asymmetric coupled scan of

2θ−ω will each give two peaks along the scan axis, as all of the corresponding families

of planes are parallel and at different periodicity. A film which does not conserve unit

cell volume or symmetry, for example a compound film which is off stoichiometry, may

show a similar symmetric scan to a fully strained film. The three cases are shown in

figure 2.9.

From the discussion above, it can be concluded that the nature of defects in a thin

film can also be deduced based on the shape of the film peak in RSM. For example, a

compositional gradient is indicated by broadening of the peak along the 2θ − ω axis,
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Figure 2.9: The effect on points in reciprocal space corresponding to Bragg reflections of a
thin film which is (a) relaxed, (b) fully strained and (c) of different composition with respect

to those of a reference single crystal substrate and the bulk reflections.

and a strain gradient gives a peak which is skewed towards the position of that of a

relaxed, bulk like film.

2.2.2 X-Ray Reflectometry

The use of glancing angle X-ray reflectometry to study material properties was initially

proposed by Lyman G. Parratt [73]. The angular dependence of the intensity of an

incident X-ray beam near the critical angle θc was derived from consideration of the

reflections and refractions of X-rays at different interfaces and in differing media. The

behaviour of X-rays in a given medium is essentially dependent on the electron density

within the media, so a different curve of intensity versus incident angle θ could be

expected for two different thin films of the same thickness. The ratio of reflected to

incident intensity for a given media is given by

IR
I0
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Here ER
1 and E1 are the electric field vectors of the reflected and incident beams, and

the refractive index of the material is given by

r = 1− δ − iβ.

The thickness of films investigated by this technique could be estimated by a com-

bination of this Fresnel-type model and calculating the interference pattern between

reflected X-rays at the top surface and those which have been refracted through the

layer and reflected at the interface with the substrate. The oscillations in intensity

of X-rays observed as a function of angle produced in this manner are referred to as

Kiessing fringes, as they were first observed by H. Kiessing [74]. An effective model for

estimating the effect of roughness is offered in [75].

2.2.3 Reflection High Energy Electron Diffraction

High energy electron diffraction experiments were first conducted in low angle reflection

geometry by Nishikawa and Kikuchi in 1928 [76] during which time Seishi Kikuchi was

conducting a number of experiments on electron beam diffraction of single crystals of

mica and calcite [77–81] in the earliest days of X-ray and electron diffraction from single

crystals.

The interaction of a grazing-incidence high energy electron beam with the surface of

a crystalline material produces a diffraction pattern which strongly depends on the

orientation and surface morphology of the material. This effect can be used to quali-

tatively characterise the surface roughness and can also be used to monitor the growth

rate during deposition. Monitoring of the growth rate is achieved by observing the

periodic variations in intensity of the diffraction spots as a function of time. The effect

is caused by the formation of monolayers due to the arrival of ablated material at the

surface of the substrate, which occurs over many ablation events. The formation of an

incomplete layer corresponds to a minimum in intensity as the surface is highly disor-

dered. As a layer is completed, the intensity reaches a maximum. A surface with high
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roughness (but maintaining surface feature size of the order of electron transparency

length scales) can appear to have a bulk-like diffraction pattern. Figure 2.10 shows

the diffracted pattern from the surfaces of varying roughness, with the pattern corre-

sponding to SrTiO3 showing Kikuchi lines due to diffuse electron channelling through

the bulk of the sample due to the high crystallinity. The typical energy of electrons

incident on the sample surface is of order 25 keV.

SrTiO3 NiFe2O4 NiFe2O3(a) (b) (c)

Figure 2.10: Diffraction patterns corresponding to (a) highly ordered smooth, (b) terraced
and (c) rough (bulk like) surfaces.

The appearance of streaks in the RHEED patterns of crystalline surfaces were explained

by Kirchner and Raether in 1932 [76]. They arise from small domains on the surface,

where for a square array of lattice points of dimensions L1 and L2, perpendicular and

parallel to the electron direction of propagation respectively, the broadening of the

diffraction spots is inversely proportional to these lengths and depends on the angle of

incidence, θ, in a manner as shown in figure 2.11.

a

L2

L1

b

(a) (b)

2π/b

2π/L2

2π/L1

2π/(L2 tan θ)

(20) (10)(00)(10)(20)k

Figure 2.11: Relationship between (a) domain size and (b) glancing angle θ and RHEED
diffraction spot shape. Adapted from [76].
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The experimental set up consists of an electron column which is differentially pumped

by two turbomolecular pumps to allow for a high pressure in the deposition chamber

while preventing the electronics in the column from arcing due to ionisation. The

electron beam is directed towards the sample at a low angle of incidence, and the

diffracted electron pattern is imaged on a fluorescent screen. The arrangement is shown

schematically in figure 2.12.

e-
Substrate

Target

Fluorescent Screen

hv
Plume

∼ 2A

V

Filament

Wehnelt

∼ 25kV

Accelerating Anode

X-Y Deflectors

Lens

∼ 1A

Figure 2.12: Schematic of RHEED diffraction geometry.

The principle of operation is similar to that of a scanning electron microscope column

with a tungsten filament thermionic emission source. The column is kept at high

vacuum to prevent the formation of gas ion filaments between the thermionic source

and the casing, and also to provide a long mean-free-path for the electrons. Electrons

are extracted from the vicinity of the tungsten filament by an accelerating potential

of order 25 kV towards an anode. The distribution of energies is limited and the

beam converged by a negative “Wehnelt” potential applied to a shield which is in

close proximity to the filament. Accelerated electrons are then focussed magnetically

using a lensing coil, so that a spot is formed on the surface of the sample. Diffracted

electrons then form an image on a fluorescent screen, which is then digitised using a

charge coupled device (CCD) camera. The beam can also be deflected electrostatically

using the X-Y plate deflectors by applying a static potential between them. Figure

2.13 shows an example of a plot of RHEED spot intensity during the deposition of

La0.7Sr0.3MnO3. The oscillations of intensity correspond to the formation of individual

monolayers.
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Figure 2.13: RHEED intensity during the deposition of 56 unit cells of LSMO under
a relatively low oxygen pressure of 0.2 mbar. Sudden changes in intensity are due to the

adjustment of the filament current to keep the data within the detector range.

2.3 Magnetic Characterisation

The magnetic characterisation of samples is carried out by two main techniques. The

first of these is vibrating sample magnetometry, which allows for the measurement of

magnetic moments in fields of up to 14 T in-plane and out-of-plane for thin film sam-

ples. The second method is SQUID magnetometry, which allows for high sensitivity

measurements in samples with low moment. Three different synchrotron X-ray mea-

surements with magnetic sensitivity, namely X-ray magnetic circular dicroism, X-ray

magnetic linear dichroism and resonant inelastic X-ray scattering, are also described.

2.3.1 Vibrating Sample Magnetometry

Vibrating sample magnetometry (VSM) is a popular, inexpensive method of measuring

the magnetisation of materials which was invented in the 1950’s by S. Foner [82] after

the similar concept of a vibrating coil magnetometer was developed by D. O. Smith

[83]. The basic principle upon which VSM is based is that the change in flux threading

a coil of conductive wire will give a corresponding change in voltage measured across
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the coil. The sample to be measured is first placed within a sensing coil, located inside

the coils creating the applied field. The sample is then linearly oscillated in and out of

the sensing coil. The flux threading a sensing coil of cross section A, while the sample

is within the coil is

φm1 = µ0(H +M)A (2.11)

and when the sample is removed the flux is

φm2 = µ0HA. (2.12)

For a sensing coil of N turns, the voltage,V , induced in the coil by the changing flux

is given by

V = −N dφm
dt

(2.13)

Therefore the flux change can be obtained from the integral of the voltage

∆φm = − 1

N

ˆ 2π

0

dt V (t− t0) cos(ω(t− t0)) (2.14)

where τ is the period of the oscillation.

The apparatus used in this project is a Quantum Design physical property measurement

system (PPMS) VSM, which utilises a gradiometer coil configuration which consists

of two oppositely wound coils, with the centre of oscillation positioned at the vertical

centre of the pick-up coils. The maximum applied field is 14 T, supplied by a supercon-

ducting Niobium-Titanium solenoid and the temperature range for VSM measurements

is 2 - 700 K with temperatures above 350 K accessible using the high temperature op-

tion.

2.3.2 SQUID magnetometry

The superconductive quantum interference device (SQUID) magnetometer is a highly

sensitive (1× 10−10 A m−2 in DC and 1× 10−12 A m−2 in RF) instrument which is based
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on a superconducting loop with one (RF SQUID) or two (DC SQUID) Josephson

junctions. The Josephson junction is a structure which was theorised by B. Josephson

[84, 85] and realised experimentally by P. Anderson and J. Rowell [86] which consists

of a superconducting junction separated by an insulator, across which current can flow

with no applied voltage. A superconducting loop can accommodate only an integer

number of flux quanta Φ0 = h
2e

enclosed within the loop, and if an external field is

applied then the loop will screen or increase the flux to the nearest integer by creating

a circulating current. The sign of the circulating current changes with every Φ0/2 of flux

which threads the loop, since it is more energetically favourable to increase the flux to

the next higher value of nΦ0, rather than to screen it. If a current is pushed through the

SQUID loop (DC operation), the voltage across the loop will oscillate as the external

flux increases, with a period Φ0. In the flux-locked RF SQUID configuration, an LC

circuit is coupled to the SQUID loop (with only one Josephson junction) inductively

and RF current is used to measure the inductance of the circuit. External flux such as

that introduced by a ferromagnetic sample will change the inductance, with a minimum

and maximum corresponding to Φ0 and Φ0/2 respectively. This is balanced by feedback

electronics in the LC circuit in order to keep the flux threading the SQUID constant.

SQUID measurements are indirect, the flux from the sample is integrated by supercon-

ducting pick-up coils which are coupled to the SQUID. The arrangement is such that a

superconducting coil magnet is used to produce high magnetic fields (5 T in the case of

the SQUID used in this project). The sample is lowered into the detection coils, which

are 4-turn gradiometer pick-up coils, situated inside the main coils which produce the

applied field and are inductively coupled to the SQUID loop. In this project RF SQUID

measurements are performed on a Quantum Design magnetic property measurement

system (MPMS) 5XL.
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2.3.3 Synchrotron X-Ray Techniques

The experiments are performed on a soft X-Ray beamline (ID32) at the European

synchrotron radiation facility (ESRF) in Grenoble, France.

In the case of magnetic dichroism measurements (samples for both linear and circular

dichroism experiments are mounted on a copper sample holder which is affixed to a

rod which supports the signal line and can be rotated, and translated along 2 axes

perpendicular to the beam. The sample is positioned directly in the beam path, in a

chamber which is evacuated to ultra high vacuum. Two pairs of liquid helium-cooled

superconducting coils are fitted to the chamber so that fields can be applied parallel and

perpendicular to the beam direction. 4 T can be applied in the direction perpendicular

to the beam, and 9 T can be applied along the beam axis. The X-Ray absorption

spectra are collected by total electron yield (TEY), where the signal is given by the

sample drain current which is needed to replace the electrons that are ejected to the

vacuum level as a consequence of the x-ray absorption. The electron yield is normalised

relative to a gold foil target.

In inelastic scattering measurements, the sample is mounted on a four circle goniometer

along a linearly polarised X-ray path and diffracted X-rays are recorded on a 2D CCD

camera cooled down by peltier cells to −80 ◦C, after passing through energy dispersive

X-ray optics. The geometry is discussed further in 2.3.3.3.

2.3.3.1 X-Ray Magnetic Circular Dichroism

The physical process of X-ray magnetic circular dichroism (XMCD) is the absorption

of circularly polarised X-ray radiation by core electrons in selected elements at ener-

gies corresponding to transitions to unoccupied valence states. In measurements of

transition metals the energies that correspond to the 2p to 3d transitions lie in the

region between 400 - 900 eV. The strong spin-orbit coupling in the core level breaks

the degeneracy of the 2p1/2 and 2p3/2 states and leads to two peaks in the absorption
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Figure 2.14: Illustration of the orientation of a sample during synchrotron X-ray absorption
measurements, with the beam at 70◦ to the normal.

spectrum, namely L2 and L3 respectively in L-edge absorption spectroscopy. A typical

XAS is shown in figure 2.15 (a).

The absorption of incident X-rays depends on the angular momentum of the electrons

relative to the incoming X-ray if the orientation of spins is along the beam axis. More

specifically, the absorption with left and right circularly polarized light will be different.

The XMCD signal consists of the difference between these two XAS. In the case of thin

films with in-plane magnetisation this can be achieved by rotating the sample so that

the incident angle between the beam and the film normal is as close as possible to 90

deg. We went as far as 70◦. A schematic illustrating the relative orientations of the

applied field and the incident X-Ray beam to the sample is given in figure 2.14.

The extraction of spin and orbital angular moments from circularly polarised X-ray ab-

sorption spectra is a complex process of many manipulations of the raw spectra, shown

in figure 2.15. Initially, a number of X-ray absorption spectra (XAS) are collected for

both polarisations. Two average spectra are then obtained from the different polari-

sations, and are taken to be the absorption spectra µ+(ω) and µ−(ω) (in truth these

are the energy dependent absorption coefficients, µ+ and µ− times some multiplication

factor due to the resistivity of the sample/wire etc., but this is lost in normalisation

anyway) for right- and left-handed circularly polarised light, where ~ω is the incident
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photon energy (in eV). The isotropic XAS is then defined as

µ+ + µ−
2

(2.15)

and the XMCD spectrum is simply the difference µ+ − µ− as shown in figure 2.15. To

extract meaningful data from the XMCD spectra, the sum rules are applied as described

in [87, 88]. The orbital and spin moments are obtained through the normalisation of

the integrated dichroic signal of the absorption coefficients over the L3 and L2 edges by

the integrated isotropic XAS after a background subtraction from the XAS described

by the function

I(E) = I0

{
1

2
+

1

3
tanh

(E − EL2)

∆
+

1

6
tanh

(E − EL3)

∆

}
(2.16)

where EL2 and EL3 are the energies of the L-edges, ∆ is a broadening term and I0 is

the signal above from the L3 peak (at 660 eV for Mn). The spin moment are given in

µB/hole by the formulae

mo = −
4
´
L3+L2

(µ+ − µ−)dω

3
´
L3+L2

(µ+ + µ−)dω
(10− n3d) (2.17)

ms = −
6
´
L3

(µ+ − µ−)dω − 4
´
L3+L2

(µ+ − µ−)dω´
L3+L2

(µ+ + µ−)dω
(10− n3d) (2.18)

Where n3d is the number of electrons in the 3d orbitals of the species of interest. An

extra factor of (1− 7〈Tz〉
2〈Sz〉)

−1, where 〈Tz〉 is the expectation value of the magnetic dipole

operator and 〈Sz〉 is equal to half of ms in Hartree atomic units, has been omitted in

equation 2.18, as it gives a very small correction to the spin moment in 3d metal in a

cubic environment and with small 3d spin-orbit coupling [89].

2.3.3.2 X-Ray Magnetic Linear Dichroism

X-ray magnetic linear dichroism (XMLD) differs significantly from XMCD in that the

dichroic absorption originates in the anisotropy of charge distributions due to spin-orbit
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Figure 2.15: Operations performed on the Mn XAS spectra in the application of the sum
rules for spin and orbital moment. (a) isotropic XAS spectrum of equation 2.15 and the two-
step background to be subtracted, (b) integration of the L2 and L3 peaks of the isotropic

XAS, and (c) integration of the dichroic signal.
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coupling to the magnetic moment rather than the angular momentum contributed by

its spin or orbital moment. It was first shown to be applicable to magnetic materials

by G. van de Laan in 1986 [90]. In practice, XMLD experiments are performed using

synchrotron X-rays which are linearly polarised parallel and perpendicular to the mag-

netic moment. In order to measure in-plane and out-of-plane directions, the angle of

incidence is kept constant at 70◦ to the film normal. It is the interaction of the electric

field of the X-ray with the charge anisotropy for a given energy which gives rise to

absorption in XMLD. The probability of the core electrons of a given species absorbing

incident linearly polarised photons is dependent on a number of factors. The primary

contribution to the dichroism in linear dichroism is the orbital charge anisotropy, where

a given energy level with lower than cubic symmetry will give a dichroic signal if one of

the electric polarisation vectors is aligned with a direction of increased charge density.

This is related to the occupancy of certain orbitals, for example dz2 and dx2−y2 will

have different occupancy in an octahedrally coordinated transition metal in an oxide if

there is a Jahn-Teller distortion. The second most significant contribution, though far

smaller in magnitude than orbital charge anisotropy, is the charge anisotropy arising

from the symmetry breaking effect of spin-orbit coupling in magnetic species. The

magnitude of the dichroic signal is greatest when the electric field vector of a given

polarisation is aligned with the magnetic axis, and has a cos2(θ) angular dependence,

where θ is the angle between the electric polarisation vector and the magnetic axis

[90]. Because this effect is proportional to the average square magnetic moment, it can

also lead to dichroism in the XAS of antiferromagnetic materials such as NiO, where

the cubic symmetry of the charge density in the paramagnetic state is lifted by the

alignment of spins along any one of the of the 〈121〉, 〈211〉 and 〈112〉 crystal directions

through a spin-orbit interaction.
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Figure 2.16: Distortion of the charge anisotropy in a cubic potential under the influence of
spin orbit coupling in NiO.

2.3.3.3 Resonant Inelastic X-Ray Scattering

The process of resonant inelastic X-ray scattering (RIXS) utilises the resonance of

a given ion at a given absorption edge to greatly enhance the inelastic decay cross-

section of a photon. In this project, soft X-rays are used at the L3 edge of Ni in NiO,

an exemplar of type II antiferromagnetic order which is discussed later in section 5.0.1.

In the simplest picture, taking NiO as the example, the process of RIXS consists of

the absorption of an X-Ray photon which excites an electron from a p-orbital into the

valence d-band, creating an electron-hole pair, followed by the radiative annihilation of

the electron-hole pair. The difference in energy of the incoming and outgoing radiation

is associated with the energy of the exciton subsequently created by this process. In

essence, the final state can be an excited state of the ground state. A comprehensive

review of inelastic scattering of X-rays is given in [91].

One of the advantages of RIXS is that the momentum transferred to a given exciton

can also be measured. The momentum transfer Q is obtained from the change in X-ray

photon momentum

~Q = ~k− ~k′ (2.19)

given incident and emitted X-ray wavevectors k and k′ respectively. The sample is

mounted on a four circle diffractometer, so as to allow for the selection of a range of
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different crystalline directions, along which the momentum is transferred. The syn-

chrotron provides a bright monochromated source of X-rays. The X-rays are incident

on the sample at an angle ω and detected at 2θ , so as to probe a particular direction in

reciprocal space. The X-rays diffracted from the sample are then dispersed (in vacuum)

from a grazing incidence variable line spacing (VLS) spherical grating onto a CCD de-

tector at a distance of about 12 m. The detector is operated at grazing incidence (20◦)

to compensate for the charge leakage between neighbouring pixels by matching the ef-

fective pixel size to the charge distribution caused by one photon shown schematically

in figure 2.17 [91, 92]. The detector can be rotated laterally through 100◦ and from a

scattering angle of 50◦ to 150◦, allowing for the aquisition of an energy loss spectrum.

In the case of magnetic excitations, which are the focus of the work done here, single

spin flip excitations are created at the L-edge due to the spin-orbit coupling of the 2p

core hole [93]. The intermediate state of the excitation is characterised by a core hole

in the 2p level split into two degenerate j = 3/2 and four degenerate j = 1/2 states.

The core hole will be filled by a valence electron to return to the starting configuration

by radiation of a photon. The final state can be the same as the ground state or an

excited one. For example, in the excited state a spin flip could occur, requiring a change

in the angular momentum of the emitted photon of ∆S = 1 relative to the incident

photon. The manifestation of this is a change in the energy and polarisation of the

emitted photon. A bimagnon (2 magnons with a total angular momentum change of

∆S = 0) and a double magnon (∆S = 2) can also be created in this process. The only

requirement is the conservation of the total momentum, Q = K1 + K2, where K1 and

K2 are the wave vectors of the involved magnons and Q is the exchanged momentum

of the X-rays. The observed double magnon momentum is band-like because there

is a continuum of combinations of the transferred momentum which can satisfy the

conservation rule.

Magnons are observed as peaks in the energy loss spectrum in the region of −0.1 eV

from the inelastic peak.
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Figure 2.17: Schematic of the detector side of the RIXS configuration, adapted from Ghir-
inghelli et al.[92]

2.4 Transport Measurements

To evaluate the transport characteristics of some of the films and devices fabricated

during this project, a number of techniques are used, including various Hall effect

measurements, resistivity measurements and their temperature dependencies and tun-

nelling I-V curves. Here, the resistivity measurement and tunnelling I-V experiments

are described, as they were used to obtain the data shown in the following chapters.

2.4.1 Resistivity

The measurement of resistivity in thin films is performed following the van der Pauw

method [94, 95], where small titanium-gold contacts are deposited at four corners of

square samples, contacted by silver wire bonded to the contacts by silver paste, as

shown in figure 2.18. The measurements were performed using a LabView code to per-

form current sweeps between two contacts while simultaneously measuring the voltage

generated on two separate contacts using a Keithley 2400 source meter connected via

GPIB.

In the van der Pauw formulation the resistivity of a film of arbitrary shape and thickness

d is given by
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Figure 2.18: Illustration of the configuration of contacts for resistivity measurements by
the van der Pauw method.

ρ =
πd

ln 2

(RAB,CD +RBC,DA)

2
f (2.20)

where Rhi,jk is the resistance value assciated with and applied current along |hi| and

a measured voltage along |jk| where h, i, j and k denote the positions of the contacts

at four adjacent points on the film respectively. The factor f is a function of the ratio

RAB,CD/RBC,DA and can be solved for using the relation

(RAB,CD −RBC,DA)

(RAB,CD +RBC,DA)
= f arccosh

exp
(

ln 2
f

)
2

 (2.21)

although for highly symmetric contact configurations it is typically close to unity. The

numerical evaluation of this equation gives the dependence of the correction factor on

the ratio of measured resistances and is shown in figure 2.19.

2.4.2 Tunnelling Electroresistance

The tunnelling electroresistance (TER) measurements performed during this work were

done using a Keithley 2400 series voltage source controlled by a PC using LabView soft-

ware which was also used in data acquisition. The devices tested were patterned using

UV and electron beam lithographies by collaborators in Paul Scherrer Institut (PSI)
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Figure 2.19: Plot of the correction factor for the van der Pauw formula (equation 2.21)
against the ratio of measured resistances.

during the Interfacing Oxides project (IFOX) NMP3-LA-2010-246102. The devices

were contacted using a precision probe-station.

2.5 Scanning Probe Microscopy

A number of scanning probe microscopies have been employed during this work, in-

cluding contact and tapping mode atomic force microscopy (TM-AFM and AFM),

magnetic force microscopy (MFM), conductive tip microscopy (CT-AFM), electrostatic

force microscopy (EFM) and direct-piezoelectric force microscopy (DPFM). Here, the

main techniques which relate to the results which are show in this thesis are described,

namely AFM, TM-AFM, and DPFM.

2.5.1 Atomic Force Microscopy

The technique of atomic force microscopy is simple in principle and highly useful for

the topographical characterisation of surfaces. The strength of the technique lies in
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Figure 2.20: Schematic of an AFM apparatus.

the ability to measure minute deflections in the direction perpendicular to the surface

which is being measured. The construction of an atomic force microscope as depicted in

2.20 consists of a small cantilever with a sharply defined tip etched at the end which is

scanned across the surface which is to be characterised. Changes in the deflection of the

cantilever which are caused by interactions with the surface are detected by reflecting

light off the top surface of the cantilever (typically coated with gold or aluminium)

and detecting that light with a photodiode. The diode is split into 4 quadrants, which

allows the user to detect the deflection of the tip by the difference in voltage between

either the top and bottom diodes or the left and right diodes, depending on the type

of information which is required. There are two main modes of operation for AFM

measurements, namely contact mode and tapping mode. In contact mode, the tip

height is kept constant relative to the sample using feedback electronics to control a

piezoelectric stepper which can raise or lower the sample height by a precise amount.

In tapping mode the cantilever is oscillated close to the resonance frequency and when

tip-sample interactions shift the resonance, the change in amplitude is used to infer the

topography of the surface.

The two modes of operation in AFM correspond to regions in the profile of surface

interaction energy, approximated by a Lennard-Jones potential
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ΦLJ = ε
[(rm

r

12

− rm
r

6)]
(2.22)

where ΦLJ(r) is the potential at a tip sample distance r and ε is the depth of the

potential well minimum at rm. The interaction scales are shown in figure 2.21. Contact

mode AFM is operated in the regime of repulsive force (F = dΦ
dr

is negative) and tapping

mode is operated in the attractive regime.
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Figure 2.21: Lennard-Jones potential describing tip-sample interaction energy, and regions
corresponding to contact and tapping mode AFM.

2.5.2 Electrostatic Force Microscopy

Electrostatic force microscopy (EFM) is the technique of imaging the electrostatic

force gradients at the surface of a given ferroelectric sample. It utilises a metallised

tip in contact mode, which is electrically grounded, and some electric contact below

the ferroelectric layer, be it a metal thin film underlayer or a backside contact below

the substrate. In the case of blanket thin films, the conductive underlayer is contacted

using a diamond pen to scratch through the ferroelectric layer, and silver paint is used

to bond a wire through the damaged region. The tip is first rastered over a defined

area of the surface to create a topographic map of the surface as described in 2.5.1.

The tip is then immobilised on the surface and a potential is applied between the metal

layer and the tip coating to polarise the ferroelectric layer.
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The required potential should be achieved when the electric field within the sample

exceeds the coercive field of the ferroelectric which for ideal contact is

EC =
VC
t

(2.23)

where t is the thickness of the film and VC is the potential required to polarise the film.

This is only true under the effective contact area of the tip, and the shape of the real

electric field has some components parallel to the surface outside this area. Without

a sufficiently stiff cantilever, however, the effective distance between the tip and the

metallic underlayer may change under the electrostatic force of the applied potential

as the cantilever is bent under this force. The electric field created between the tip and

the metallic layer is like that created between two spatially separated charge densities;

one in the shape of the tip, and another as an identical, oppositely charged image

within the conductive underlayer. Therefore the region which is polarised is typically

much larger than a circle with a radius equal to that of the tip radius of curvature.

Once the surface is polarised, which is marked by a sudden jump in the sample height

(as percieved by the AFM feeback electronics) with a monotonically increasing applied

potential, the applied potential is removed and the surface is again scanned in contact

mode. The electrostatic potential of the polarised surface is added to the normal

Lennard-Jones potential, which translates to an increased height in the topographical

map.

In spite of the qualitative nature of this technique, it is a relatively quick experiment

which is usefull in showing whether ferroelectric films can be reliably polarised and

have persistent polarised states.

2.5.3 Direct-Piezoelectric Force Microscopy

Direct-Piezoelectric Force Microscopy (DPFM) is a technique in which a piezoelectric

response to an applied mechanical ultrasonic excitation is directly measured. This
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(a) Unpolarised BaTiO3

(b) Polarised BaTiO3

Figure 2.22: Electrostatic force microscopy of an (a) unpolarised and (b) polarised BaTiO3

thin film.

was demonstrated in well-crystallised quartz by T. J. A. Mori, P. Stamenov and L. S.

Dorneles [96]. It exploits the high spatial resolution of scanning probe microscopy and

the large piezo signal that can be generated. In normal piezo-response force microscopy

(PFM), an AFM is operated in contact mode, and an oscillating voltage is applied to

the tip to generate a mechanical oscillation of the sample surface through the inverse

piezoelectric effect. These oscillations are picked up through the amplified and lock-in
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Figure 2.23: Schematic of a DPFM apparatus. Adapted from T. Mori et al.[96]

demodulated signal of the laser bridge. Extraction of the piezoelectric coefficients by

PFM is difficult due to the effect of the feedback electronics of the AFM on the signals

[97].

The apparatus used during this work is a Digital Instruments Nanoscope III Multimode

SPM, utilising a metal coated tip in contact mode and the piezo driver used to oscillate

the tip in tapping mode is driven using an external wave generator to provide the

mechanical excitation. The electrical signal generated by the piezoelectric effect is

read out by a synchronised lock-in amplifier, EG&G7265 and subsequently digitised

by the SPM controller to allow simultaneous acquisition of the laser bridge signal and

the direct piezoelectric signal. A DC voltage source is also used to apply bias to the

tip, while protecting the AC circuitry using a linear air-gap transformer. A schematic

of the apparatus excluding the feedback circuitry of the SPM itself is shown in figure

2.23.





Chapter 3

La0.7Sr0.3MnO3: Towards a Highly

Spin-polarised Oxide Electrode

3.1 Introduction and Literature Review

In this section I will lay out the important results of the early investigations of the

nature of the mixed valence manganites. Beginning with an account of the preparation

of the solid solutions that lead them to being identified as the first ferromagnetic oxides,

a key advance was the preparation of the oxides in thin film form during the 90’s when

there was much excitement about their ‘colossal’ negative magnetoresistance in the

vicinity of the Curie temperature. The modern focus of perhaps the most famous of

the mixed valence manganites, La0.7Sr0.3MnO3 (LSMO) as a potential candidate for

oxide spintronics applications is then introduced as well as its applications in other

areas of research.

3.1.1 The Mixed-valence Manganites

Mixed valence manganites have been the subject of numerous studies ever since their

discovery in 1950, when they were the first known ferromagnetic oxides [98]. They are

associated with Zener ferromagnetism attributed to double exchange, half-metallicity,

a wide tunable range of Curie temperatures (TC) and a huge negative magnetoresis-

tance near TC which was substantially bigger in thin films [99]. The mixed valence

manganite families have interesting magnetic and electronic properties and potential

for applications [100, 101], not least as electrodes for thin-film oxide and organic spin

electronics [102–105]. The mixed valence manganites belong to the perovskite oxide

family. The general formula of the perovskite oxides is ABO3, and in manganites the

65
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perovskite A-site is occupied by a mixture of at least two species of different valence

while the B-site is occupied by manganese. Therefore the general formula of the mixed

valence manganites is (X1−xYx)MnO3, where X and Y are rare-earth and alkaline-earth

or Pb2+ cations respectively.

The manganese cations, formally Mn3+ and Mn4+, are octahedrally coordinated by

oxygen, and the octahedra tend to exhibit Jahn-Teller distortion when occupied by

Mn3+ 3d4(t32ge
1
g), which is a spontaneous symmetry breaking distortion of the octahedra

driven by the occupation of d-orbitals with electron density in particular directions,

so as to decrease the overlap of these orbitals with the p-orbitals of the oxygen. The

compositional phase diagrams exhibit phases with a wide variety of electronic structure,

magnetic, charge and orbital order. Magneto-transport properties of the conducting

mixed-valence manganites are strongly influenced by double exchange, where an eg

electron hops between adjacent Mn4+ 3d3 t32g cores. This is only permitted when the

spins of the t32g Mn4+ cores on the two sites are aligned parallel.

The idea of double exchange was introduced by Zener in 1951 [106] in order to ex-

plain the empirical correlation of magnetic and transport phenomena found by Jonker

and Van Santen in their original investigations of solid solutions of mixed valence

manganites [98]. He describes the transfer of an electron from Mn3+ to O2− and the

simultaneous transfer of an electron from the O2− to the Mn4+ in terms of two states

ψ1 : Mn3+O2−Mn4+

ψ2 : Mn4+O2−Mn3+
(3.1)

corresponding to the before and after states of the double exchange, and the exchange

integral

ˆ
ψ∗1(H)ψ2dτ (3.2)
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giving the energy of the exchange. Here H is the hamiltonian of the system. The

Mn multiplicity is maximised according to Hund’s rule, therefore the integral is only

nonvanishing if the spins of the d-shells of the ions are parallel. In other words, there

is a large energy barrier to the electron double transfer if the Mn t2g electron spins are

not aligned on both sites with the hopping electron.

Transport in the mixed valence manganites is broadly governed by two phenomena.

Below the Cuire temperature the transport can be viewed in an ideal crystal to be

governed by the percolative spin-dependent hopping of electrons as described above

by Zener double exchange. A different mechanism is proposed for transport above

the Curie temperature which involves the magnetic polaron. This was first given a

rigorous treatment by Kasuya in 1970 [107] who considered a large magnetic polaron.

It is perhaps easiest to understand the existence of the magnetic polaron in terms of a

change in free energy ∆F upon the addition of a single electron to an antiferromagnetic

or paramagnetic crystal lattice, collectively visualised as a spherical polarised cluster

of radius R as presented in Coey, Viret and Molnár’s review [103]

∆F =
E0

γ2
− J2

sdχ

2γ3
. (3.3)

The first term in this expression represents the kinetic energy of the polaron, where a

is the atomic radius, γ = R/a and E0 = ~2/2ma2 is the kinetic energy of the polaron

wave in a periodic potential described by Ψ(x) = Ae−i
~k.~x given the reciprocal lattice

vector k = 1/a. The second term is a magnetic binding (energy reducing) term which

depends on the susceptibility χ and the exchange integral between the eg conduction

electrons and the localised t2g core at each site, Jsd. One can see that given these

two terms alone, the energy minimisation with respect to the polaron radius gives

minima at either infinite radius or with vanishing R. The presence of dopants provides

an oppositely charged site with which the electron can have an attractive Coulombic

exchange, so we may add a term with a new γ-dependence, EC/γ, where
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EC =
e2

4πε0

1

a
(3.4)

is the usual energy between two oppositely charged particles each of charge magnitude

e given the vacuum permittivity ε0. The free energy equation now reads

∆F (γ) =
E0

γ2
− J2

sdχ

2γ3
− EC

γ
(3.5)

and has now a minimum in energy for finite R, allowing for the existence of a bound

magnetic polaron. The polaron has a large effective mass and is only suitable to

describe transport in doped manganites near the Curie temperature as it depends

on the existence of non-collinear spins. Consequently the application of a magnetic

field allows one to switch between the conduction mechanisms around the Curie point,

which is the dominant phenomenon governing the colossal magnetoresistance of thin

crystalline films of the mixed valence manganites, which is discussed further in section

3.1.2

Manganites with x ≈ 0.3 exhibit the highest Curie temperatures and conductivity. The

magnetic properties of thin films have recently been shown to be sensitive to the tilting

of the network of interlinked, corner-sharing octahedra that make up the perovskite

structure [108–110].

The structure of the mixed valence manganites deviates from the ideal cubic perovskite

structure shown in figure 3.1 due to the combination of cation size, composition and

Jahn-Teller distortions of the manganese oxide octahedra. Pollert et al. [111] discussed

the microstructure of mixed valence manganites in terms of three separate factors. The

first of these is the Goldschmidt tolerance factor, t, defined in terms of the A-site, B-site

and oxygen ionic radii (rA,B,rO) by the equation



Chapter 3. La0.7Sr0.3MnO3: Towards a Highly Spin-polarised Oxide Electrode 69

Ti4+

Sr2+

O2−

c

a
b

Figure 3.1: The ideal cubic perovskite structure of SrTiO3.

t =
rA + rO√
2(rB + rO)

(3.6)

is a measure of the steric effects of different cation and anions on the distortion of the

perovskite structure from the ideal cubic t = 1 structure exemplified by SrTiO3. The

cooperative Jahn-Teller distortion on Mn3+ sites (which itself is in competition with

the electron hopping between Mn4+ and Mn3+) represents the second factor. Finally

there is the interatomic coulomb interaction between 3d electrons when there are Mn3+

and Mn4+ states present which leads to long range ordering of Mn sites of different

valence known as charge ordering. The rhombohedral unit cell of La0.7Sr0.3MnO3 is

shown in figure 3.2 using visualisation software by Momma and Izumi [112]. LSMO is

commonly referred to in its pseudocubic representation of lattice parameter 388 pm.

The optimally doped La0.7Sr0.3MnO3 (LSMO) is rhombohedral and the octahedral tilt
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Figure 3.2: Diagram of the crystal structure of La0.7Sr0.3MnO3 showing a) La/Sr, Mn and
O positions and b) the corner-sharing oxygen octahedra about the Mn-sites.

system denoted by the Glazer [113] symbol a−a−a− and is described by the space group

R3c.

3.1.2 Thin Film Manganites

Interest in thin film mixed-valence manganites gained traction again in the early 90’s

with PLD-grown thin films, after the technique was developed for high TSC supercon-

ducting oxide thin film growth. The growth of thin film LSMO was initially seen as

a convenient ferromagnetic material to use in exploring the interaction between type-

II superconductivity and magnetism, as it was a very well matched epitaxially with

YBa2Cu3O7 (YBCO). Researchers at the Hitachi research laboratory in Japan grew

thin films of LSMO and LCMO (Ca on the A-site) sandwiched by YBCO layers [114–

116]. They found that an enhanced proximity effect allowed a supercurrent to persist

up to 62 K in 100 nm thick LCMO barriers between YBCO electrodes, and supercur-

rents were even measured in junctions with 500 nm thick LCMO barriers, although

the critical current was dramatically reduced. The La1−xSrxMnOy films grown by this
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group exhibit the unusual effect of having antiferromagnetic or non-magnetic character

at x = 0.3 which is the stoichiometry of LSMO which normally gives the best magnetic

properties.

The focus of thin film growth shifted with the realisation of the large magnetoresistive

effects in manganite films. Work by von Helmholt et al. [117], Chahara et al. [118]

and Jin et al. [99] showed the famous huge, negative and isotropic colossal magnetore-

sistance (CMR) near the Curie temperature in well crystallised manganite films.

Once the techniques for the growth of the mixed valence manganites thin films had

matured, the roadmap to device applications started to emerge, such as laid out in the

paper by T. Venkatesan et al. in 1998 as part of a meeting on “Understanding and utiliz-

ing colossal magnetoresistance materials” [119]. Four main applications of manganites

are laid out in this review; magnetic field sensors based on either the CMR effect, spin

valve structure or microwave CMR sensors, electric field effect transistor-type devices

(possibly utilising ferroelectric field effects) utilising a CMR channel, bolometric IR

sensors using the metal insulator transition at the Curie temperature, and low tem-

perature hybrid high temperature superconductor (HTS-CMR) devices. All of these

applications are focused on thin film manganites, and some of the work in these areas,

notably field sensors and bolometers, is ongoing [120, 121].

3.1.3 LSMO in Modern Research and Future Applications

As mentioned in section 3.1.2, LSMO and the broader family of manganites are still

actively being researched as potential IR bolometers and magnetic field sensors. Per-

haps the most successful applications of LSMO in recent years have been in the areas of

solid oxide fuel cells, for which there are many examples of experimental and theoreti-

cal studies [122–124], solid oxide electrochemical reduction cells (for scrubbing nitrogen

oxide emissions from diesel gasoline combustion engines) [125] and catalysis [126]. A

basic diagram of a solid fuel cell is shown in figure 3.3.
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Figure 3.3: Simplified schematic of a solid fuel cell showing air and fuel (hydrogen) entering
at the cathode and anode respectively, and the transfer of two electrons to each oxygen, which
then travel through the electrolyte to combine with two reduced hydrogen ions at the anode

to produce water.

In solid oxide fuel cells (SOFCs), where LSMO is used as the cathode material, the

cathodic reaction involves the adsorption of molecular oxygen on the surface, followed

by diffusion to the electrolyte, charge transfer and the incorporation of the ion to the

electrolyte. In the case of LSMO, the oxygen adsorbs to the (001) terminated surface

at the Mn sites in the case of MnO2 termination and the hollow sites of the centres of

the square array in the case of La(Sr)O termination [127]. The use of LSMO in SOFCs

is generally limited to high temperatures of about 1000 ◦C, where the oxygen sublattice

anions are sufficiently mobile, although the structure and specific composition of the

electrode materials can be manipulated to bring the operating temperature into the

‘intermediate temperature range’ of 500 - 700 ◦C. Degradation of the cells is also an

important factor, either by surface modifications or by thermomechanical cycling [128].

In the field of magnetism and spintronics, which is the focus of this work, LSMO has

found its place as one of the ferromagnetic electrodes of choice for oxide spintronics

and multiferroics, due to its Curie temperature being greater than room temperature,
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its relatively good conductivity and the epitaxial match of LSMO with many other

perovskite and spinel oxides. LSMO is used as a ferromagnetic electrode in many

experimental oxide magnetic tunnel junctions (MTJ), and literature on these kinds of

devices is plentiful [64, 129–131]. A fully magnetised volume of LSMO is theoretically

half metallic due to the primary conduction mechanisms mentioned in section 3.1.1

requiring that hopping electron spins be aligned on adjacent sites. In spite of this the

reported tunnelling magnetoresistance (TMR) at room temperature (≈ 10 %) typically

does not exceed the giant magnetoresistance (GMR) of modern sensors and many values

of TMR are reported at low temperature, far from the operating temperature range

for consumer electronics.

There are likely a number of reasons for the strong temperature dependence of the

TMR, but one of the most prominent barriers to robust room temperature TMR with

a high resistance ratio is the ‘dead layer’ which has been reported at the surface and/or

interface of thin LSMO films [51, 132].

3.1.4 Motivation

The motivation for this work is in the application of LSMO as a ferromagnetic electrode

for oxide spintronics. A nominally fully spin polarised conductor which is epitaxially

compatible with a wide range of other materials in the perovskite oxide family (and

even other oxides and compounds) is highly sought after. If this was achieved, the focus

of research could shift to the tailoring of electronic and magnetic properties of other

materials in device structures, owing to the flexibility in the choice of constituents in

isomorphic complex oxides. The problem of dead layers in LSMO is something which

needs to be understood properly before there can be any hope of avoiding the associated

constraints in future applications. The aim of my work in this chapter is to elucidate

the nature of the dead layers and determine a practical route toward the minimisation

of the dead layer effects, so that the field of oxide spintronics might progress to more

exciting and useful applications.
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3.2 Experimental Results

In this section the properties of the LSMO films on different substrates and their

respective dead layers will be explored and discussed. The structural and magnetic

properties of films will be presented, followed by the determination of the magnetic and

electronic dead layer thickness. The nature of the dead layers will then be discussed

with reference to the synchrotron X-ray data that was collected during this project.

3.2.1 Structure and Morphology of LSMO films

In this work, the effects of epitaxial strain imposed by the substrate on LSMO thin

films are explored. To this end, LaAlO3 (LAO), La0.26Sr0.76Al0.61Ta0.37O3 (LSAT) and

SrTiO3 (STO) substrates were used, each imposing a different strain condition on

LSMO under epitaxial growth conditions. The first of these substrates, LAO, is a

rhombohedral perovskite and is often represented by the pseudocubic unit cell of lattice

constant 379 pm. It imposes a large in-plane compressive strain on LSMO films grown

in the pseudocubic (001) direction of −2.4 %. LSAT is a cubic mixed perovskite which

was developed as a substrate that can be fabricated at low cost due to its relatively low

melting point and imposes a minimal amount of strain on superconducting cuprates

and ferroelectrics. It has a lattice parameter of 387 pm and in the case of LSMO films

grown in the (001) direction, it imposes a small compressive strain of −0.26 %. STO is

one of the most common single crystal oxide substrates used after sapphire and MgO

and is usually used in the growth of perovskites. It has a cubic perovskite unit cell and

a lattice constant of 391 pm and imposes a tensile strain on LSMO films grown in the

(001) direction of 0.64 %.

The thin films of LSMO grown by PLD for this study are well crystallised and oriented

on the different substrates used, as can be seen in figure 3.4. The (002)pc LSMO peak

can be seen close to the substrate (002) peak in all three cases, with Kiessig fringes

clearly visible in films grown on STO and LSAT. In the case of LAO substrates, there
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Figure 3.4: X-ray diffraction pattern of 20 - 30 nm thick films of LSMO on (001)-oriented
LSAT, STO and LAO substrates. There is a well defined peak in the case of LSAT and STO,
but there is strong shouldering in the case of LAO, indicating that the film is not entirely

defect free and continuous.

is a peak at the bulk LSMO (002) position, but there is a large shoulder at lower

angles. This indicates that while some of the film is strained, structural defects such as

dislocations facilitate the relaxation of the structure towards that of bulk LSMO, while

maintaining the (001) texture. The film thicknesses are in the range of 20 - 30 nm.

The misfit strains ε for LAO, LSAT and STO obtained from the nominal bulk lattice

constants of the substrate and film materials by the formula

ε =
|asub − afilm|

asub
(3.7)

are ≈ −2.4 %, ≈ −0.26 % and ≈ 0.76 %, respectively, giving the highest strain on LAO.

Here STO imposes tensile strain and both LAO and LSAT impose compressive strain.

Reciprocal space mapping about the (113) direction of the substrates gives us further

insight into the epitaxy of the films and allows us to estimate the average in-plane lattice

parameter. In figure 3.5 one can see that in the cases of STO and LSAT substrates,
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the x-component of the space lattice vector qx is equal for the film an substrate peaks,

indicating that the in-plane lattice parameters are equal, while the offset in qz shows

that some tetragonal distortion is induced to accommodate the conservation of volume

of the unit cell.

In the case of LAO there are many structural defects which can accommodate the

relaxation of the in-plane compressive strain imposed by the substrate, and this leads to

a broad and ill-defined peak near the fully strained LSMO (113) peak, skewed towards

the bulk peak position in figure 3.4. The resultant figure 3.5 (b) is further complicated

by the apparent recrystallisation of the LAO substrate as seen in the optical microscope

images in figure 3.6.

Comparing the images of LAO, STO and LSAT substrates after annealing under depo-

sition conditions it appears that a major recrystallisation of the LAO substrate occurrs.

This would lead to many strain-relaxing defects at the interface of LSMO with LAO,

and this could help to explain the bulk-like diffraction in figure 3.4.

The growth mode of LSMO is primarily the layer-by-layer mode, as inferred from the

oscillations in peak intensity of the primary reflection of the RHEED pattern presented

in figure 3.7. The decay of the envelope of the oscillations in the case of LAO and

STO indicate that there is a transition to a more disordered surface after a certain

thickness, of order 4 - 8 nm. The RHEED oscillations generated from films grown on

LSAT, however, continue generally throughout the thickness of the film.

3.2.2 Magnetism in LSMO films

The magnetism of La0.7Sr0.3MnO3 is probed by SQUID magnetometry and synchrotron

X-ray magnetic dichroism, which allows for both the direct measurement of the full film

and substrate net moments (SQUID), and the contributions from antiferromagnetic

moments which are canted under high fields existing within the dead layer (XMCD).



Chapter 3. La0.7Sr0.3MnO3: Towards a Highly Spin-polarised Oxide Electrode 77

7.65

7.70

7.75

7.80

7.85

7.90

3.55 3.58 3.61 3.64 3.67 3.70 3.73

3.81

3.83

3.85

3.87

3.89

3.91

3.93

3.793.823.853.883.913.943.97
q z
‖

[0
03

]
(n

m
−

1
)

c
(Å
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Figure 3.5: Reciprocal space maps about the (113) reflex of (a) STO, (b) LAO and (c)
LSAT substrates showing the LSMO (113)pc peak.
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(a) LaAlO3 (b) SrTiO3 (c) LSAT

Figure 3.6: Optical images of blank LaAlO3, SrTiO3, and LSAT substrates used for the
growth of LSMO thin films. The substrates have been treated under deposition conditions

(700 ◦C) for one hour prior to imaging. Note the multiple twins in LaAlO3.

Typical magnetisation curves for LSMO films of around 20 - 30 nm in thickness are

shown in figure 3.8, along with the magnetisation curves of blank substrates of STO,

LAO and LSAT which have been treated under the normal deposition conditions of

LSMO. The magnetisation curves of the thin films display bulk-like saturation magneti-

sation of Ms = 3.6µBMn−1, close to the theoretical maximum bulk value of 3.7µBMn−1.

To get an accurate quantification of the magnetisation of the thinnest films of LSMO,

it is necessary to subtract the contribution of the substrate from that of the film. As

the thickness can By first normalising the moments of both the blank substrates and

the film/substrate combination to their respective surface areas, one can easily subtract

the substrate signal as

mfilm

Area
=
mtotal

Area
− msubstrate

Area
. (3.8)

The moment present in the blank substrates is shown in figure 3.8 (b) amounts to a

few percent of that of the films illustrated in figure 3.8. This behaviour of substrates

exposed to deposition conditions is consistent with previous studies in our group on

the evolution of magnetism in d0 SrTiO3 substrates [133] and a number of other sub-

strates [134]. The temperature dependence of the moment in LSMO films on different

substrates is plotted in figure 3.9. It can be seen that the contribution of the substrate

persists, independent of temperature, above TC .
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Figure 3.7: RHEED intensity during the initial deposition of 8.9 nm of LSMO on LSAT,
40 nm on LAO and 5 nm on STO.
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Figure 3.8: 4 K magnetisation curves (a) of LSMO on different (001)-oriented substrates,
where the moments are of order 2× 10−7 A m2 and (b) of substrates exposed to the deposition

conditions of LSMO of 700 ◦C, 0.3 mbar of oxygen for one hour.

The reduction in magnetic ordering temperature TC is rapid with decreasing thickness

at small thicknesses, and consistent with an Ising model of a simple cubic film [135].

Given a reduction in the mean coordination number z in a simple cubic lattice of spins,

where

kBTC = zJ0. (3.9)

with kB the Boltzmann constant and J0 the exchange constant of the Hamiltonian

between two magnetic sites, the dependence of the mean coordination number on the
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Figure 3.9: Temperature scans of the moment in (a) thin LSMO films on LaAlO3 (b)
SrTiO3 and (c) LSAT in an applied field of 100 mT. The moment of the 1.9 nm thick film
on LaAlO3 indicates that at this thickness the LSMO film is entirely “dead”, and that the
full negative moment is attributable to the diamagnetism of the substrate. An appreciable
positive temperature independent moment is seen to persist above the Curie temperature
in all three films on SrTiO3, which is attributed to the anomalous substrate magnetism
mentioned in section 3.2.2. In the case of LSAT it is clear that the 1 nm thick film is below

the dead layer thickness, which must be 3 unit cells or more.
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number of layers goes as

z̄ = 6− 2/n (3.10)

Here n is the layer number. It is thus inferred that in the simplest case, one can model

the phase transition temperature of a thin film to vary as 1/n, ignoring the dead layer.

More explicitly, the relationship between the Curie temperature ant the number of

ferromagnetically coupled layers in this model is given by combining equation 3.9 and

3.10,

TC = J0(6− 2/n) (3.11)

The Curie temperature is plotted as a function of layer number in figure 3.10. In the

model, the limits of the bulk Curie temperature of 370 K and vanishing magnetism at

a single magnetic layer are used. In truth, there are regimes for the existence of two-

dimensional magnetic lattices [136], and indeed under certain conditions of strain, it is

possible that Mn spins have a stronger exchange in the plane of the film than out of

plane, but for a a simple cubic Ising model the magnetic structure is three-dimensional.

3.2.3 Magnetic Dead Layer Thickness Determination

The thickness of the magnetic dead layer of LSMO films is determined by plotting the

magnetisation M (corrected for the magnetism of the substrate) times the thickness d

against the thickness. The intercept of this linear plot with the thickness axis should

give the magnetic dead layer thickness, which is defined as the thickness at which there

is no net magnetisation within the film. It does not distinguish between the free surface

and the interface.

This method is displayed in figure 3.11, yielding dead layer thicknesses of (0.8± 0.3) nm,

(1.5± 0.4) nm and (3.0± 0.4) nm for films grown on LSAT, STO and LAO. The dead
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Figure 3.10: The Curie temperature of thin LSMO films plotted against thickness for
different substrates and a simple 1/n model showing the approach to the bulk value of 370 K.
A model correcting for a dead layer of 4 unit cells is also plotted. The inset shows a plot of

1/n against TC for both models.

layer thickness appears to be intimately related to the strain of the film, with com-

pressive strain induced by lattice mismatches of 0.26 % and 2.4 % on LSAT and LAO

respectively and a tensile strain induced by a 0.64 % mismatch on STO.

3.2.4 Electronic Dead Layer Thickness Determination

The electronic dead layer in LSMO films is rather less reliably extracted from the room

temperature sheet conductivity than the magnetic dead layer thickness is extracted

from the magnetisation measured by SQUID magnetometry. The reason for this is

that, apart from the dead layer contribution to the resistivity of films, there is also

that of the surface scattering, which depends strongly on the roughness and thickness

of the films. Figure 3.12 shows the thickness dependence of the sheet conductivity in
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Figure 3.11: Plot to determine the dead layer thicknesses in LSMO on different substrates.
A linear fit of the slope of each dataset gave dead layer thicknesses of 0.8, 1.5 and 3.0 nm for

LSMO grown on LSAT, STO and LAO substrates respectively.

LSMO on LSAT, STO and LAO. Extrapolation is less certain than for the magnetic

case, but the estimates are 3,4 and 6 nm for LSAT, SrTiO3 and LaAlO3 substrates,

respectively.

3.2.5 Nature of the Dead Layers

To examine the nature of the dead layers in LSMO, XMCD and XMLD were recorded at

the ESRF synchrotron facility (beamline ID32). The XMCD signal at 5 K for different

fields is shown in figure 3.13. These spectra were used to determine the orbital and

spin magnetic moments associated with the Mn-site, although the orbital moment

is insignificant compared to the spin moment, as expected for a transition metal in

octahedral coordination when the orbital moments are quenched.

Table 3.1 shows the spin moments of Mn in the thin films obtained by the sum rules

introduced in 2.3.3.1 under various conditions of field and temperature. The small

coercivity of the LSMO films (6 20 mT), from figure 3.8) and the low field required to
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Figure 3.12: Plot to determine the electronic dead layer thicknesses in LSMO on different
substrates.

saturate imply that there should be no appreciable increase in magnetisation beyond

an applied field of 1 T. There is, however, an increase of the manganese moments in

the case of all of the films in 9 T, indicating that there is some other source of magnetic

moments which only comes into play at higher fields. One possible source of these

additional moments aligned with the high external field is the canting of antiferromag-

netic spins within the dead layer. The notion that the dead layer is antiferromagnetic

rather than not ordered at all fits with the defining characteristics of the dead layer,

namely the lack of net magnetic polarisation and a lack of conductivity in a nominally

ferromagnetic conductor. The double exchange mechanism normally requires conduc-

tivity to operate, but it is possible for pairwise hopping to occur without long range

percolation which could explain why the electrical dead layer is always thicker than

the magnetic dead layer. While the lack of net magnetisation of the dead layer clearly

fits with the antiferromagnetic picture, it is not so obvious why the conductivity would

be destroyed by antiferromagnetism. Considering the mechanism of Zener double ex-

change described in 3.1.1, it becomes clear that the conduction of electrons by double
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Figure 3.13: XMCD of (a) STO (2 nm) capped 3.9 nm and (b) 2.9 nm thick films of LSMO
on STO in the demagnetised state, and under fields of 1 T and 9 T and at remanence.
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Table 3.1: Mn-site spin moments from sum rule calculations on XMCD spectra for thin
LSMO films grown on SrTiO3 substrates.

Sample(nm) T(K) B(T) ms(µB/hole) ms(µBMn−1)

2.9 5 1 0.20 1.28
2.9 5 9 0.25 1.59
2.9 5 0 0.16 1.01
2.9 300 1 0.02 0.13
2.9 300 9 0.10 0.61
2.9 300 0 0.00 0.01
3.9(Capped) 5 1 0.25 1.58
3.9(Capped) 5 9 0.31 1.93
3.9(Capped) 5 0 0.20 1.23
3.9(Capped) 300 1 0.06 0.40
3.9(Capped) 300 9 0.13 0.85
3.9(Capped) 300 0 0.01 0.07
1.9 5 1 0.09 0.56
1.9 5 9 0.17 1.06
1.9 5 0 0.02 0.16
1.9 300 1 0.00 0.01
1.9 300 9 0.04 0.23
1.9 300 0 0.00 0.02
24.3 5 1 0.20 1.29
24.3 5 9 0.23 1.45
24.3 5 0 0.18 1.14
24.3 300 1 0.09 0.59
24.3 300 9 0.13 0.83
24.3 300 0 0.07 0.47

exchange becomes impossible in an antiferromagnetic lattice. Note that the moments

per Mn(≈ 1µB), even in the thicker films are much less than the average moment

deduced from the film magnetisations (2 - 3µBMn−1). The X-ray measurements are

made in total electron yield mode, where the top 3 - 4.5 nm is sampled, limited by the

attenuation of electrons escaping the material, based on measurements of LCMO films

by Ruosi et al. [137].

While antiferromagnetism of the Mn-site within the dead layer cannot be explicitly

probed by XMCD, as the net absorptions of left and right circularly polarised X-

rays are equal in this case, XMLD is sensitive to the charge anisotropy induced by

antiferromagnetic order. Figure 3.14 shows the XMLD spectra obtained by the methods
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Figure 3.14: XMLD of (a) 24.3 nm and 1.9 nm and (b) 2.9 nm and STO (2 nm) capped
3.9 nm thick LSMO films.

outlined in section 2.3.3.2.

There is a linear dichroism signal in the case of all of the samples measured, and given a

probe depth of d ≈ 4 nm the full thickness of the dead layer is probed. It is interesting

to note that the antiferromagnetic signal is present at the surface of the 24.3 nm thick

film, and bears a striking resemblance to that of the 1.9 nm and 2.9 nm films. However,
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the SrTiO3 capped 3.9 nm LSMO film has a quite different structure, although the

presence of the capping layer likely modifies the strain throughout the film, which is

then clamped at both interfaces.

3.3 Discussion and Conclusion

The structural, magnetic and transport properties of LSMO thin films have been ex-

plored in this work. The films grown during this project exhibited high quality epitaxial

growth when grown on LSAT and STO substrates, but had defective nature when grown

on LAO, indicating that that growth of LSMO thin films is highly sensitive to strain.

If we consider the magnetic data in terms of the strain induced by the substrate, it

seems that the tensile strain of STO affects the thickness of the dead layer to a greater

extent than the compressive strain of LSAT, which is an interesting result, especially

in light of an old study of LSMO on MgO in our group where an even greater tensile

strain (ε ≈ 7.6 %) leads to a very large dead layer of 10 nm [51]. Whatever the actual

mechanism, it is apparent that the dead layer thickness is intimately related to the

strain imposed by the film.

It is also found that there is a contribution to the observed net magnetisation, which

could explain the reports of ultrathin films of an insulating magnetic phase of LSMO

[138] and unusually high Mn moments [139], which comes from the substrate. This

anomalous moment might be attributed to a half-metallic impurity band arising from

oxygen vacancies in the substrate [133], given the increase in moment with annealing

temperature up to 600 ◦C shown in [134]. The substrate magnetism exhibits little or

no temperature-dependence. The effect is most pronounced in STO and LSAT, but is

also present in LAO. Once this is taken into account the magnetism of the thinnest

layers of LSMO can be understood.

The X-ray dichroism experiments performed in this work give us an interesting insight

into the nature of the dead layers. The indication from circular dichroism is that
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there is the capacity to recover some moment in the films with the application of high

fields, within the probed volume. This is attributed to the canting of antiferromagnetic

moments which exist in the dead layer, the existence of which is confirmed by X-ray

linear dichroism. The actual mechanism of the formation of a dead layer presents an

interesting problem. The mechanisms proposed by Huijben et al. [53], Valencia et

al. [57] and Tebano et al. [52] represent the main theories to describe the origin of

the dead layer. The first of these, exemplified by the Tebano paper, is the theory of

orbital ordering, which relies on the splitting of the eg levels with a distortion of the

oxygen octahedra imposed by substrate strain in a Jahn-Teller scenario, to explain the

non-conducting and antiferromagnetic nature observed. In this theory, a compressive

strain imposed by the substrate should impose preferential occupation of the (3z2 −

r2) over the (x2 − y2) d-orbital as illustrated in figure 3.15, following the analysis of

the phase diagram of tetragonally distorted La1−xSrxMnO3 [140]. In this case, the

dominant exchange between Mn sites in the plane of the film is superexchange, and

double exchange in the perpendicular direction, giving C-type antiferromagnetic order.

This can be understood in terms of the effective d−d hopping integral t and the nearest

neighbour exchange integral J1, which we express as J1 = αt−βt2 (α, β > 0), following

from the discussion in [141], where α is the double exchange contribution and β is

the superexchange contribution. In this formalism, as the Mn-Mn distance increases,

t decreases and J1 becomes larger along the axis of elongation. One can also consider

the orbital degrees of freedom in this configuration, which are controlled by the lattice

distortion. The eg band is an antibonding state of Mn(eg) and O(2p) orbitals, and a

tetragonal distortion elongating the Mn-O bond will lead to preferential occupation of

this orbital. Given a less than half filled eg band, this leads to stronger double exchange

between the more populated orbitals, in this case (3z2− r2). The converse can be said

in the case of tensile strain, which leads to A-type antiferromagnetic order.

A second theory of the nature of the dead layer is that of structural and electronic

phase separation, which is explained in Dagotto’s review [100] and compared in Hui-

jben’s paper to that of orbital ordering. Essentially the randomly distributed structural
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Figure 3.15: Illustration of the preferential occupation of dz2 and dx2−dy2 under different
conditions of strain and deformation of the oxygen octahedra in LSMO.

disorder imposed by the differing ionic charges and radii of A-site cations effecting the

local Mn-O-Mn bond angles leads to randomised exchange between spins on Mn sites.

This allows for the coexistence of clusters of antiferromagnetic and ferromagnetic do-

mains near to the metal/insulator transition. The electronic phase separation is driven

by a discontinuity in the density of carriers as the chemical potential is varied. At the

point where the system is forced into this discontinuity, it exhibits spatially separated

phases each exhibiting properties representing the extremes of the electronic densities.

The reduction of carriers at the interface of the manganites should tend to favour a

weakening of the ferromagnetic coupling between Mn ions, thereby increasing the rel-

ative importance of the antiferromagnetic interaction [142]. This is the driving force

behind the electronic phase separation at the interface according to this theory.

The investigations of the dead layer reported here show that there is an antiferromag-

netic layer at the surface of the LSMO films and perhaps the interface as well, although

the exact energetic configuration of the interfacial dead later may be different from the

surface dead layer, as evidenced by the change in peak positions in the case of the

XMLD of STO capped LSMO (figure 3.14). The situation may be as depicted in fig-

ure 3.16, with perpendicularly oriented spins at the surface dead layer, and in-plane

orientations at the interface. It is likely that the surface layers of LSMO films can be
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Figure 3.16: Schematic of the configuration of spins in the dead layer which is likely the
case that gives rise to the XMLD results.

affected by defects such as oxygen vacancies and adsorbates which adhere to the sur-

face between the sample fabrication and measurement, given the extended exposure to

the atmosphere that the samples underwent. There was also no observed preferential

occupation of the (3z2−r2) over the (x2−y2) orbitals in the XLD spectra, which agrees

with the work of Huijben et al.. The evidence lends itself to the theory of electronic

phase separation.



Chapter 4

CoFe2O4 & NiFe2O4: Insulating and

Magnetostrictive Spinel Ferrites

4.1 Introduction and Literature Review

In this chapter the structural and magnetic properties of CoFe2O4 and NiFe2O4 are

reviewed, and contemporary interest in their properties for applications is presented. I

will then provide a motivation for the study of these materials in the context of spin

filtering.

4.1.1 Ferrimagnetism in NiFe2O4 and CoFe2O4

The spinel ferrites, having the general formula MFe2O4, where M is a metal cation

such as Co2+,Ni2+ and Fe2+, have the space group Fd3m and cubic spinel structure

of AB2O4, consisting of a face-centred cubic array of oxygen ions with one tetrahedral

and two octahedral sites per formula unit, and eight formula units per unit cell. The

structure of the ferrites is usually ‘inverse’ because the A-sites contain tetrahedrally

coordinated Fe3+ ions and the B-sites consist of an equal amount of octahedrally coordi-

nated M2+ and Fe3+, whereas MgAl2O4 structure has the ‘normal’ spinel structure with

only Mg2+ on the A-sites and Al3+ on the B-sites. The tetrahedral 8a sites have cubic

43m point symmetry and the octahedral 16d sites have trigonal 3m point symmetry.

The ferrites are insulating and ferrimagnetic, with the exception of magnetite (Fe3O4)

which is conductive. CoFe2O4, which is one of the two ferrites examined during this

project, exhibits a high cubic anisotropy which is largely absent in the other spinel

ferrites. The accepted lattice parameter of CoFe2O4 is 839.2 pm [143].

93
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Figure 4.1: The structure of the cubic spinel ferrites showing (a) the atomic positions of
the ions and (b) the octahedral and tetrahedral sites in the structure.

Fe3+ has 3d5 and is in a high spin state of t32ge
2
g, S = 5/2 with a spin moment of 5µB,

and high spin Co2+ 3d7 has t52ge
2
g configuration with S = 3/2 and a spin moment of 3µB.

In B-sites, cobalt can also have a significant unquenched orbital moment of ≈ 0.6µB

[144–146]. This orbital moment is responsible for the strong cubic anisotropy Kc
1 ≈

290 kJ m−3 along the easy 〈100〉 directions. Given the degenerate trigonal symmetry

of the 〈111〉 directions for the octahedral sites, the spins of the Co2+ ions align along

these directions, coupling to unquenched orbital moments. The ferrimagnetic Néel

temperature of CoFe2O4 is 790 K [1].

The high magnetostriction of CoFe2O4 is another consequence of the unquenched or-

bital moment of Co2+. The magnetostriction was originally measured by Bozorth in

1955 [147], who found a value of 885 ppm in Co0.8Fe2.2O4. This corresponds to a

tetragonality (a⊥ − a‖)/abulk of about 0.1 %. This magnetostriction leads to a uniaxial

anisotropy, upon imposing a strain ε along 〈100〉 given by [148]

KU ≈ (3/2)λ100εE (4.1)

where E is Young’s modulus (C11), 257 Pa [149] and λ100 is the magnetostriction
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along the [100] directions. In the experimental work performed here, only the effective

anisotropy can be determined, as there are many contributions to the strain in these

epitaxial films.

As a result of the high magnetostriction, the strain inmposed by a substrate on CoFe2O4

thin fims has a large effect on the magnetic anisotropy [148, 151–156]. CoFe2O4 is

thought to have potential as a candidate for perpendicular magnetic recording media

[157] due to the fact that an appropriate substrate like MgO can be chosen so as to

impose perpendicular anisotropy on the film. To estimate the perpendicular anisotropy

from the magnetisation curves, the equation

KU = K⊥ −KS (4.2)

is used, where K⊥ is deduced from the area between the perpendicular and parallel

curves based on the consideration that the energy needed to change that sample mag-

netisation by an amount dM is µ0HdM [158]. KS = −1
2
µ0M

2
s is the shape anisotropy.

Although the bulk magnetisation for CoFe2O4 is usually close to the theoretical bulk

maximum 455 kA m−1 corresponding to 3.6µBf.u.−1, the values reported for PLD grown

thin films are very varied, as shown in table 4.1.

The second ferrite examined in this thesis is NiFe2O4. Bulk nickel ferrite, NiFe2O4

(NFO), is an insulator and is a soft ferrimagnet below 850 K with a relatively low mag-

netization of 2µB per formula unit. It again has the inverse structure with octahedrally

coordinated Ni2+ 3d8 with t62ge
2
g ions which have S=1 and much less unquenched orbital

moment than CoFe2O4, leading to lower magnetostriction. It has a TC of 865 K.

Unlike CoFe2O4 the magnetism of thin films of NiFe2O4 does mot vary much from the

bulk value of ≈ 330 kA m−1

An interesting application proposed for CoFe2O4 and NiFe2O4 is as spin filtering tunnel

barriers, such as was demonstrated by Moodera et al. in 1988 in the case of EuS tunnel
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Table 4.1: Deposition conditions and magnetisations reported for CoFe2O4 in previous
literature.

Substrate Temp.(K) Thickness(nm) PO2(µbar) Ms(kA m−2) Ref.

MgO(100) 600 400 40 335 [159]
MgO(100) 800 400 40 426 [159]
STO/CoCr2O2 600 140-430 1 380 [148]
MgAl2O4 500 65-900 1 ? [160]
MgO(100) 700 80 1 · 10−4 180-220 [161]
SrTiO3(100) 550 80 1 · 10−4 370 [161]
Al2O3(0001) 800 40 2 ? [157]
SiO2 550 33 2 260 [157]
SrTiO3(100) 500-700 70 0.1 ? [162]
MgAl2O4 175-690 200-220 13 450 [65]
MgO(100) 450 200 13 300 [163]
SrTiO3(100) 450 200 13 140/480 [163]
MgO(100) ? 13-100 70 260 [152]
SrTiO3(100) ? 13-100 70 390 [152]
BaTiO3(100) ? 13-100 70 210 [152]
LaAlO3(100) ? 13-100 70 280 [152]
MgO(100) 400 50-400 20 100-185 [153]
Pt(111) 550-750 247-290 90 180-220 [164]

barriers [165] after work by Esaki et al. showed magnetic field effects on tunnelling

through insulating magnetic Eu-chalcogenide tunnel barriers in 1967 [166], where the

high spin polarisation of the tunnel current was attributed to different barrier heights

for different spin directions. Later Ramos et al. showed a spin polarised current of

polarisation P = 26 % through a CoFe2O4 barrier [9]. Recent theoretical work by

Caffrey et al. suggested the existence of two different spin channels within the band

gap for electrons tunnelling though NiFe2O4 and CoFe2O4, which would be accessible

by different band alignments with the electrode materials [167]. This will be further

discussed in chapter 6 and it is one of the principles upon which a multiferroic device

described in that chapter is based.

4.1.2 Motivation

NiFe2O4 and CoFe2O4 are interesting complex oxides because of their ferrimagnetic

and insulating behaviour. The motivations for studying them have some overlap, in
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that their magnetotransport properties both lend themselves to the spin-filtering appli-

cation. CoFe2O4 has very large magnetostriction which could allow for control over the

anisotropy by substrate induced strain; NiFe2O4 has a larger bandgap than CoFe2O4

which suggests it could be a more effective spin filter.

4.2 Experimental Results

In this section the experiments conducted to examine the magnetisation and magnetic

anisotropy of CoFe2O4 are outlined, using careful analysis of the films strain under

different conditions of strain and oxygenation using reciprocal space mapping (RSM),

observing the changes in magnetic anisotropy by VSM and SQUID magnetometry and

observing the Fe:Co ratio by energy dispersive X-Ray spectroscopy (EDX).

Deposition of high quality epitaxial films of NiFe2O4 with good magnetic properties by

PLD is shown by XRD, AFM and SQUID magnetometry. The integration of NiFe2O4

into artificial multiferroic devices is discussed in chapter 6.

4.2.1 Structure and Morphology

The structure of CoFe2O4 and NiFe2O4 is investigated by XRD, RSM, AFM and

RHEED to determine the quality of growth which is achieved. Symmetric XRD scans

are performed on NiFe2O4 to ensure that films are oriented and crystallised. The sur-

face of NiFe2O4 is examined by AFM to ensure that the films are smooth enough to

be used as tunnel barriers. The strain in CoFe2O4 films is quantified under different

conditions by RSM to better understand the magnetic data. The thicknesses of all

films were determined by XRR.

4.2.1.1 CoFe2O4

The strain induced tetragonality in CoFe2O4 films grown on MgO substrates obtained

by RSM as shown in figure 4.2. The in-plane lattice parameters of all films grown
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on MgO were found to match that of the substrate (2a0 = 842 pm), indicating a

fully strained epitaxial film in all cases. The lattice parameters out of the film plane,

however, were only well defined for the samples grown in vacuum a⊥ = 837 pm, with

films grown at higher oxygen pressures showing a broadened distribution of a⊥, which

increased with oxygen pressure.

The CoFe2O4 films grown on MgAl2O4 have a large compressive 3.7 % lattice mismatch,

which causes a large expansion of the unit cell perpendicular to the plane of the film.

The RSM in figure 4.3 (a) illustrates how the inplane lattice parameter is poorly defined

for CoFe2O4, although it clearly is influenced by the substrate. This is taken to indicate

that there is a gradient of strain thoughout the 46.5 nm thick film, but that there is a

significant amount of the film which is heavily compressed by the substrate. The broad

peak of the CoFe2O4 (226) reflection is centred at a‖ = 831 pm and a⊥ = 850 pm. This

corresponds to an in-plane compression of 1 % and a similar expansion out of the film

plane.

Films grown on LSAT have a less well-defined peak corresponding to CoFe2O4 (226),

centred around a‖ = 827 pm and a⊥ = 851 pm, as can be seen in figure 4.3 (b). This

indicates that there is also a large deformation of the unit cell which is not sustained

throughout the 49.3 nm thick film.

4.2.1.2 EDX of CoFe2O4 Thin Films and Target

The Fe:Co ratio in four different thin films of CoFe2O4 deposited on MgO(001) and in

the target used to deposit the films as measured by EDX are shown in table 4.2.

The analysis shows that the stoichiometry of the films deviates slightly from the bulk,

becoming more stoichiometric during the deposition process, although this does not

seem to correlate with the magnetisation of films.
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Figure 4.2: Reciprocal space maps about the (113) reflex of MgO under deposition condi-
tions of 600 ◦C and a partial oxygen pressure of (a) 100µbar, (b) 0.2 µbar and (c) vacuum

showing the CoFe2O4 (226) peak.
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(Å
)

qx ‖ [110] (nm−1)

a‖ (Å)
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Figure 4.3: Reciprocal space maps about (a) the (226) reflex of MgAl2O4 and (b) the (113)
reflex of LSAT under deposition conditions of 600 ◦C at vacuum showing the CoFe2O4 (226)

peak.

4.2.1.3 NiFe2O4

The XRD of 6 nm NiFe2O4 grown on 35 nm SrRuO3 is shown in figure 4.4. This XRD

was performed on a Phillips Panalytical (divergent source) diffractometer, and the peak

near 45◦ can be attributed to the cutoff wavelength of the nickel-foil CuKβ filter.

The NiFe2O4 peak at 43.5◦ is of low intensity due to the low thickness of the film

which also causes significant Scherrer broadening of the peak, due to its small thickness
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Table 4.2: EDX analysis of Fe:Co ratios in CoFe2O4 samples. Ratios shown are the average
of 5 separate scans for each sample.

Thickness (nm) Tsubst PO2 (µbar) Fe:Co Std. Dev. Ms(kA m−1)
33.1 600 20 1.82 0.14 119
34 650 20 1.80 0.13 66
15 600 < 10−3 1.70 0.23 387
56 600 < 10−3 2.00 0.05 397

Target - - 1.96 0.02 455
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Figure 4.4: XRD pattern of a SRO/NFO bilayer structure on STO (black line). The
thickness of the NiFe2O4 layer is about 6 nm, which gives a very broad, low intensity peak.
The red line is the XRD pattern of a single 100 nm thick SRO layer on STO for comparison.

limiting the dimensions of the crystallite size.

The AFM image in figure 4.5 is indicative of the epitaxial quality and low roughness

of the thin NiFe2O4 films. The terracing of both the SrRuO3 layers and the NiFe2O4

layers are visible. The SrRuO3 layer has a much higher terrace step height (≈ 3 nm)

than the unit cell parameter of NiFe2O4 layer (≈ 1 nm), due to the high growth rate of

SrRuO3 in this particular sample. The RMS roughness on the terraces is found to be

of order 0.5 nm.
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Figure 4.5: The surface of NiFe2O4 is shown here in AFM height contrast. The image was
captured in contact mode, so as to obtain good resolution in height. (a) and (b) show the

height-maps at different lateral scales and (c) shows the line profile indicated in (a).
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Figure 4.6: Room temperature magnetisation loops of CoFe2O4 thin films deposited on
MgO(001) at temperatures of 500 ◦C and 600 ◦C.

4.2.2 Magnetism

Experiments concerning the magnetic properties of CoFe2O4 and NiFe2O4 thin films

are presented in this section. CoFe2O4 films are measured using SQUID and VSM

magnetometry to show the effect of different deposition conditions and substrates on the

magnetisation, and the magnetisation of NiFe2O4 is measured in a bilayer structure with

SrRuO3 and the temperature dependence of the moment in the structure is measured

from 50 - 400 K.

4.2.2.1 CoFe2O4

The magnetisation of 31.5 nm and 56 nm CoFe2O4 films deposited in vacuum on MgO

substrates at 500 ◦C and 600 ◦C respectively are shown in figure 4.6. The saturation

magnetisation on both films is less than the bulk CoFe2O4 magnetisation of 455 kA m−1

measured for the PLD target used in the deposition of the films although there is a

clear increase in the magnetisation at 600 ◦C.
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Figure 4.7: Room temperature magnetisation curves of CoFe2O4 thin films gown in vacuum
and at PO2

= 20 µbar, with the applied field both in the plane of the film and out, on MgO
substrates.

The magnetisation curves for 56 nm and CoFe2O4 films grown on MgO substrates at

600 ◦C in low and high oxygen pressures is shown in figure 4.7. The increased oxygen

pressure decreases the magnetisation, and samples at higher oxygen pressures are fur-

ther decreased, with samples grown at 100 µbar exhibiting saturation magnetisation as

low as 60 kA m−1, although this is also influenced by the lower Curie temperature. The

pressure dependence of the saturation magnetisation is summarised in figure 4.8. The

easy axis of magnetisation in these films is perpendicular to the plane and they have a

large coercivity at low temperature, exceeding 5 T at 100 K.

The saturation magnetisation as a function of substrate temperature for films grown

in vacuum and an oxygen pressure of 20 µbar is shown in figure 4.9. The moments of

films grown in vacuum are consistently higher but in both cases the maximum lies at

TS = 600 ◦C. Increasing the fluence from 2.1 J cm−2 to 2.7 J cm−2 further increases the

magnetisation of the films to 453 kA m−1, as is shown in figure 4.10.

The easy axes of all films grown on MgO(001) are perpendicular to the film plane and



Chapter 4. CoFe2O4 & NiFe2O4: Insulating and Magnetostrictive Spinel Ferrites 105

10−3 10−2 10−1 100 101 102
0

100

200

300

400

500

PO2 (µbar)

M
S

(k
A

m
−

1
)

Figure 4.8: Room temperature magnetisation for CoFe2O4 films deposited on MgO(001)
at 600 K for a six different oxygen pressures with a constant laser fluence of 2.1 J cm−2.
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Figure 4.9: Magnetisation as a function of substrate temperature TS for CoFe2O4 films
deposited on MgO (001) in vacuum and at 20 µbar measured at room temperature. The

laser fluence used was 2.1 J cm−2, except for the triangle (2.7 J cm−2).
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Figure 4.10: Magnetisation loops for CoFe2O4 grown at a substrate temperature of 600 ◦C
in vacuum using a laser fluence of 2.7 J cm−2.

the coercivity in the high moment films reaches 400 kA m−1, with low moment films

showing even higher coercivity. Using equation 4.2, and the data in figure 4.6 an es-

timate of the intrinsic perpendicular anisotropy can be obtained. MS = 397 kA m−1

giving KS = −1
2
µ0M

2
s = −99 kJ m−3 and the measured value of K⊥ is 127 kJ m−3.

This gives a value of KU = 226 kJ m−3 which is smaller than values reported by Niizeki

for samples with similar magnetisation curves using torque measurements [154] or esti-

mates of anisotropy field µ0Ha = 2KU/MS. Estimates of KU from magnetisation curves

that exhibit hysteresis can underestimate by up to 40 % because of magnetic viscos-

ity in the hysteretic direction, arising from the time dependence of the magnetisation

process in a multidomain specimen.

The effect of different substrates on the magnetism of CoFe2O4 as measured by VSM

is shown in figure 4.11. The in-plane compression imposed by the 3.7 % mismatch

of the MgAl2O4 substrate on a film grown in vacuum leads to a strong in-plane

anisotropy of KU ≈ −1.12 MJ m−3, which is much larger than the shape anisotropy

KS = −62 kJ m−3. The anisotropy field is found to be 14 T and the anisotropy energy
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Figure 4.11: Magnetisation curves of CoFe2O4 thin films, with the applied field both in
the plane of the film and out, on (a) MAO, (b) LSAT and (c) LAO substrates.
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Table 4.3: Anisotropy of CoFe2O4 films deposited at 600 ◦C in vacuum on different (100)-
oriented substrates. The line separates the parameters that are greater than or less than

that of CoFe2O4, 839 pm

Substrate a⊥ Growth MS KS KU Anisotropy
(pm) (kA m−1) (kJ m−3) (kJ m−3)

TiO2 919 Unconstrained 413 -107 ≈ 0 Shape,
in-plane

MgO 842 Quasi-
epitaxial

397 -99 226 Strain,
perpendicular

MgAl2O4 808 Oriented,
Strained

317 -63 -1120 Strain,
in-plane

SrTiO3 782 Oriented 183 -21 ≈ 30 Strain,
weakly perp.

LSAT 775 Oriented,
Strained

270 -46 -650 Strain,
in-plane

LaAlO3 758 Unconstrained 444 -123 ≈ 0 Shape,
in-plane

−1
2
µ0HaMs is 2.2 MJ m−3. Films grown on LSAT substrate in vacuum have similarly

high magnetisation and anisotropy, with KU = 0.65 MJ m−3. A film grown on LAO,

which exhibits an almost bulk magnetisation of 412 kA m−1, has a very large mismatch

of around 10 %, and so there is no epitaxy. In this film, the anisotropy is due to the

shape, and there is negligable KU contribution from epitaxial strain. This was also

found to be the case for films deposited on TiO2 (100) substrates which has a similar

mismatch.

A summary of the lattice constants and anisotropy of CoFe2O4 films grown during this

work is given in table 4.2, which includes data from films on SrTiO3 . SrTiO3 is an

unusual case. The film is oriented, but the magnetization is only 40 % of the bulk

value. The perpendicular lattice parameter expands a little, but the net anisotropy

is perpendicular to the plane, as for MgO, and is very weak. The effect of substrate

strain is 20 – 40 times less than for MgAl2O4 or LSAT, and of opposite sign.

4.2.2.2 NiFe2O4

The magnetisation of a 6 nm thick film NiFe2O4 on 35 nm of SrRuO3 as measured by

SQUID magnetometry at room temperature is shown in figure 4.12. The moment from
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Figure 4.12: Room temperature SQUID M -H loop for thin NiFe2O4 grown on a SrRuO3

layer on (001)-oriented SrTiO3. Opening of the hysteresis loop is likely due in part to the
formation of magnetic structures at the NiFe2O4/SrRuO3 interface.

the sample reaches about 4× 10−8 A m2 corresponding to a magnetisation in NiFe2O4

of almost 300 kA m−1 which unlike CoFe2O4,is close to the bulk value of 330 kA m−1,

despite the thinness of the film. As SrRuO3 is paramagnetic at this temperature, its

contribution and that of the substrate is accounted for by subtracting a linear slope.

The coercivity of the NiFe2O4 film is 14.7 mT.

The temperature dependence of the magnetisation in an applied field of 100 mT is

shown in figure 4.13. The reduction in moment of the SrRuO3 film up to the Curie

temperature of about 140 ◦C is observed with about 2× 10−8 A m2 of temperature inde-

pendent moment remaining above this range up to at least room temperature attributed

to the NiFe2O4 layer.

4.3 Discussion

The results that are obtained for films of CoFe2O4 on MgO and MgAl2O4 indicate that

the magnetic anisotropy of the films is determined primarily by the substrate induced
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Figure 4.13: Temperature scan of the SrRuO3/NiFe2O4 structure. Bulk TC of SrRuO3 is
indicated.

strain, with these two substrates being good examples of the effect. The films grown

on MgAl2O4 and LSAT both show a large spread in the a‖ and a⊥ parameters, but

the in-plane anisotropy field is very large, reaching 14 T on MgAl2O4. In the case of

MgO, the films have strong perpendicular anisotropy due to the commpressive strain

imposed by the substrate.

This study shows that under good conditions of growth, CoFe2O4 films can reach

magnetisations close to the bulk magnetisation of 455 kA m−1 on different substrates.

Reports of the saturation magnetisation have been absent in much of previous liter-

ature, with magnetisations typically referred to normalised Ms values which are not

referred to any given quantity. A summary of previous literature reporting deposition

conditions and magnetisations of CoFe2O4 films is given in table 4.1.

The conclusion is that there is a small window of conditions for the growth of CoFe2O4

thin films by pulsed laser deposition, necessitating a temperature of 600 ◦C and as high

a vacuum as can be achieved, at least 1× 10−3
µbar, where the magnetic properties

behave like those of the bulk material. The results of the EDX analysis show reduction



Chapter 4. CoFe2O4 & NiFe2O4: Insulating and Magnetostrictive Spinel Ferrites 111

in the Fe content, which for a ratio of Fe:Co of 1.8, would lead to a reduction of the

moment to about 80 % of the bulk value, with any of the rearrangement of cations

only increasing the magnetisation. The reasons for the major reduction in moment in

otherwise fully strained and well crystallised films, such as those grown on MgO at high

oxygen pressures are unclear, but one possibility is that there are antiphase boundaries

within the structure which are created during deposition [8, 155, 168, 169]. Antiphase

boundaries are a growth defect which occurs because of the differences in translational

and rotational symmetry of the rock salt and spinel structures [170–172]. Where the

lattice constant of the spinel layer spans two of those of a matched rocksalt oxide

substrate, there is the possibility in two directions of two separate islands nucleating

with a separation of n+ 1
2

spinel unit cells. The result of this is that there is an extra

plane of antiferromagnetic B-O-B interactions at the interface between two crystallites.

The more of these boundaries, the lower the net moment of the film. This explanation

of the reduced moment does not strictly apply to MgAl2O4 substrates however, as

the structural symmetries of the substrate are shared with the film, although there

is still the possibility of antiphase boundaries arising due to the existence of misfit

dislocations. The existence of antiphase boundaries is equally possible in NiFe2O4 thin

films, as the SrRuO3 layers upon which NiFe2O4 has successfully been grown also have

lattice constants a‖ = 399.5 pm smaller by about a factor of two.

Another explanation for the lowering of the moment is a non-collinear spin structure,

such as that found in ZnFe2O4 at 15 K where the spins freeze in random directions,

but this depends on the absence of A-site Fe3+. Bulk zinc ferrite has a normal spinel

structure with Zn ions in the tetrahedral A sites and Fe ions in the octahedral B sites.

Due to antiferromagnetic (AFM) superexchange interactions between B-B ions, bulk

zinc ferrite is antiferromagnetic at TN = 10 K. In the case of CoFe2O4 and NiFe2O4, the

A-site Fe3+ ensures that there is a strong antiferromagnetic 135◦ A-O-B superexchange

which determines the collinear Néel state [173].

The magnetisation seen in the NiFe2O4 thin films grown on SrRuO3 approaches that of
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the bulk value of ≈ 330 kA m−1, indicating that there are likely no antiphase boundaries

present in the film. The low roughness of the layers makes them compatible with thin

tunnel barrier structures as implemented in chapter 6.

4.4 Conclusions

The main conclusion from the experimental work on CoFe2O4 is that the magnetism

of thin films is highly dependent on oxygen pressure, temperature and substrate strain

during deposition. At high oxygen pressures (> 1× 10−3
µbar), low laser fluence (<

2.7 J cm−2) and temperatures either higher or lower than around 600 ◦C, there is a

significant reduction of moment. The high in-plane compressive strain of the MgAl2O4

and LSAT substrates was found to induce a huge in-plane anisotropy, and the tensile

strain imposed by MgO induces a perpendicular anisotropy. In the case of NiFe2O4,

thin films can be successfully grown on SrRuO3 layers retaining good magnetisation

and crystal quality with low surface roughness, making it ideal for incorporation into

a device structure.

The most plausible explanation for the reduction of moment in the CoFe2O4 films is in

the Co spin state. In the bulk, Co2+ is in the high spin state which is stabilised by the

trigonal crystal field at the distorted octahedral sites. The sites have 3m symmetry due

to the deviation of the O 32e site from the special position u from 3/8 in the normal

spinel structure. Strain due to the substrate could conceivably switch the Co2+ to a

low spin state, 3d7 t62ge
1
g which would give a spin S = 1

2
and a spin moment of 1µB.

If there is some mixture of this phase with the high spin phase, magnetisations within

the range 130 - 455 kA m−1 are theoretically possible. Another possibility is that the

normal spinel configuration is present, with Co3+ in the low spin 3d6 t62g arrangement

giving S = 0. The net moment in this case is reduced to 1µB [174] and the Co3+ would

sit on the octahedral B-sites.
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Based on the experimental work presented here, NiFe2O4 presents a better option the

purposes of building devices based on the spin filtering effects of the spinel ferrites.

This is because it is less sensitive to the strain imposed by the substrate and exhibits

good magnetic properties when grown on the perovskite SrRuO3.





Chapter 5

NiO: An Antiferromagnetic Oxide

as a Test Case for RIXS in Thin

Films

5.0.1 Antiferromagnetism in NiO

Nickel oxide (NiO) constitutes a prototypical face-centered cubic (fcc) antiferromagnet,

where Ni spins are coupled via the oxygen atoms by superexchange interactions and

adopt a type-II spin arrrangement for T < TN . It crystallises in the rock-salt struc-

ture with a cubic lattice parameter of 417.5 pm, obtained from Rietveld analysis (see

figure 5.3). The Ni2+ ions have a ground state 3d8 configuration with 3A2g symmetry

and high-spin state due to the octahedral crystal field and electron-electron interac-

tions, with two unpaired electrons giving a spin of S = 1. The magnetic configuration

of NiO is determined by the exchange interactions of the nearest and next-nearest

neighbour exchange interactions J and J ′, the ferromagnetic 90◦ Ni-O-Ni and stronger

antiferromagnetic 180◦ Ni-O-Ni superexchange interactions respectively. The Ni2+ co-

ordination, spin structure and exchange interactions are shown schematically in figure

5.1. The antiferromagnetic structure of NiO was determined in the 50’s experimentally

[175, 176] and 70’s theoretically [177]. Among all antiferromagnetic transition metal

monoxides, NiO has the highest value of TN (523 K). As a consequence, NiO could

play a crucial role in addressing the challenge of increasing storage density in magnetic

recording media by enabling magnetic stability at very low volumes far above room

temperature. The spin structure consists of spins parallel to the 〈112〉 in the (111)

planes alternating along the [111] direction. Without magnetic annealing, there are 24

equivalent domains, which consist of four twin domains for the 〈111〉 directions, three
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Figure 5.1: The structure of NiO showing (a) the octahedral O coordination of the Ni site,
(b) the spin structure consisting of alternating anti-parallel 〈112〉 oriented spins along the

(111) direction and (c) the exchange between Ni ions in the (100) plane.

for the equivalent 〈112〉 easy axes, and two equivalent spin directions along each of

these.

NiO was used for exchange bias in early spin valve GMR structures [178, 179], but

at room temperature the bias fields were quite low, possibly due to the absence of

delocalised electrons, which increase the exchange bias interaction. Recently, thin

films of NiO on SrTiO3 have been shown to have ferromagnetic dislocations with high

coercivities, which could have applications in the fabrication of nanoscale magnets

[180]. There has been little work to determine how well the bulk antiferromagnetic

properties of NiO are maintained in thin film form, as until now there are no methods

of determining the exchange constants J and J ′ experimentally in thin films.

5.0.2 Motivation

The motivation for examining the properties of the insulating antiferromagnetic oxide

NiO is rooted not only in finding suitable candidates for functional layers in oxide spin-

tronic devices, but also because they present good model systems as proving grounds

for novel instrumentation techniques. NiO is a very well understood type-II antifer-

romagnet which has been widely characterised. One of the motivations for this work

was to show the capacity of the RIXS at ID32 in ESRF to map magnon dispersions in

thin films, which has only reliably been done in bulk NiO by RIXS and INS prior to
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this. It is also interesting to see how the behaviour of magnons compares between bulk

and thin film NiO. The second reason to study thin films of NiO is motivated by the

potential application of NiO as an exchange bias layer in all oxide spintronic device,

although that remains a motivation for further work, and is not explored in this thesis.

5.1 Experimental Results

The structural and magnetic measurements of NiO thin films are presented here. XRD

and RHEED demonstrate the high quality epitaxy that was achieved. RIXS showing

the magnon dispersions along the [101] direction are shown, along with simulations and

analysis performed in collaboration Dr. Davide Betto at ESRF.

5.1.1 Structure and Morphology

In this section, XRD patterns of the thin films of NiO are presented, along with Rietveld

analysis of the XRD pattern of the PLD target used to grow the films. RHEED analysis

of the initial growth of the films is also presented in order to understand the strain

relaxation length scales.

5.1.1.1 NiO

The films of NiO deposited on MgO were highly oriented and fully strained, as can

be seen in the XRD pattern in figure 5.2. The XRD scan was performed after post-

annealing the NiO films in-field in ambient conditions, which is described in section

2.1.3.3.

The perpendicular lattice parameter of NiO is found to be 415.8 pm, which is less than

the bulk value of 417.5 pm obtained by Rietveld analysis of the diffraction pattern of

the target used in growing the film, shown in figure 5.3 which is intermediate between

the reported values of 416.8 pm [181] and 418 pm [182].
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Figure 5.2: X-ray diffraction patterns from thin films of NiO grown to different thicknesses
on on MgO substrates. Kiessig fringes and a small linewidth in the thicker film indicates
that there is ideal single crystal epitaxy in the films. The slight deviation from the bulk NiO

peak position indicates that there is some strain in the film.
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Figure 5.3: Rietveld fitting of the powder diffraction patern of the NiO target used in the
growth of thin films. The presence of peaks at low angles (< 15◦) corresponding to a spacing
of 280 pm could be attributed to a small secondary phase of NiO2 (space group C12/m1,

d(010) = 281 pm) [183].
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Figure 5.4: Evolution of a‖ in NiO thin films during growth deduced from RHEED spot
separation.

The lattice parameter of the MgO substrate is 421.1 pm, whic in the case of perfect

epitaxy corresponds to a tensile misfit strain of 0.85 % and would lead to a⊥ = 410.4 pm

by volume conservation. It is therefore deduced that the stain is relaxed to some

equilibrium in the first few layers of the film. This is supported by the evolution

of the in-plane lattice parameter obtained from analysis of the peak positions of the

RHEED diffraction during growth. The film appears to reach an equilibrium spacing

by about 0.8 nm in thickness. The absolute value of the lattice spacing is calibrated to

the substrate before deposition, but is highly sensitive to errors in the peak position

caused by other effects such as Kikuchi lines and diffuse peaks at high oxygen pressure,

and should only be taken as indicative of the film reaching equilibrium under deposition

conditions when it is constant.

5.1.2 Magnon Disrpersions in NiO Thin Films by RIXS

Typical XAS and RIXS spectra of a NiO thin film along the [101] axis is shown in

figure 5.5, along with simulated transitions of octahedrally coordinated Ni2+ based on

multiplet ligand field theory [184], broadened by convolution with Gaussians . The

Ni has an effective occupation number of ≈ 8.2 due to charge transfer from the sur-

rounding oxygen and the calculated transitions are the average of values obtained for

all equivalent in-plane spin orientations.
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Figure 5.5: Experimental and simulated (a) absorption spectra and (b) RIXS at Q =
8.3 nm−1 along the [101] direction for NiO thin films. The arrow indicates the energy at
which the RIXS experiment was performed. The transitions have been convoluted with

Gaussians to match the peak shapes.

The linear dichroic spectra of the films indicated that the films had preferential in-

plane orientation of spins, in spite of the magnetic annealing treatment. None of the

linear dichroism is thought to come from the charge distribution due to the symmetry

of the crystal field, and is attributed to the magnetism through spin orbit coupling (see

section 2.3.3.2.

The RIXS spectra as a function of Q along [111] can be seen in figure 5.6 (a). The dd

excitations at −1,−2 and −3 eV are well resolved, and are in agreement with previous

literature [93, 185]. The single magnon peak, close to the elastic peak (relative phonon

energy = 0 eV) is visible in figure 5.6 (b), with the double magnon peak at lower
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Figure 5.6: RIXS spectra using horizontally polarised X-rays (in the film plane) for a range
of Q parallel to [111]. The extended relative photon energy is shown in panel (a) and the
low energy part of the spectra are shown in (b). Blue spectra correspond to Q vectors at the

zone boundary. The Gaussian curves used to find the peak positions are shown in green.

energy just about visible. The Gaussians fitted to the elastic, phonon single and double

magnon peaks are marked by the dashed green lines.

From this picture of the inelastic scattering of X-rays, there is a clear dispersion of the

single magnons in Q. This can be modelled using linear spin wave dispersion theory

[186] as

E2(Q) = A2 −B2,

A = 6J ′ + 2JC1,

C1 = cos
1

2
a0(qx − qy) + cos

1

2
a0(qy − qz) + cos

1

2
a0(qz − qx),

B = 2J ′C2 + 2JC3,

C2 = cos a0qx + cos a0qy + cos a0qz,

C3 = cos
1

2
a0(qx + qy) + cos

1

2
a0(qy + qz) + cos

1

2
a0(qz + qx).

(5.1)
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Figure 5.7: Single magnon dispersion along the [111] direction for NiO/MgO. The fit to
the curve is obtained by linear spin wave theory, in the form of equation 5.7 [186].

where a0 = 417.7 pm is the lattice parameter for NiO and (qx, qy, qz) are components

of the vector Q.

The fit to the experimental data for Q parallel to [111] is shown in figure 5.7. The

values for J and J ′ predicted by this model are 0.4 meV and 17.5 meV respectively.

After the least-squares fitting of data obtained for Q parallel to the [100],[101] and

[111] directions to the linear spin wave model, the overall value of the next nearest

exchange interaction J ′ was found to be 18.1(4) meV which is lower than that found by

INS, 19 meV [186]. The value of J which was obtained after fitting dispersions along all

directions is of order 19 meV. The Brillouin zone boundaries of the antiferromagnetic

lattice along [001], [101] and [111] are at 7.5 nm−1, 8 nm−1 and 6.5 nm−1, respectively

[187].
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5.2 Discussion and Conclusions

The effort made here to both test the viability of using NiO as a test case for RIXS of

thin films, and to provide an estimate of the exchange constants of the antiferromagnetic

and ferromagnetic exchange interactions, respectively J ′ and J , the new capabilities of

the beamline ID32 at the ESRF were utilised. An experimental resolution of 40 meV

at the Ni L3 edge was used, compromising between the highest resulotion and counting

time. The spin wave dispersion in different reciprocal lattice directions in thin-film

samples has been precisely mapped, yeilding J ′ = 18.1(4) meV and J ≈ 1 meV. The

disparity between this and the bulk INS values mentioned in the previous section

perhaps presents an interesting insight into the effect of the substrate. The misfit

strain is of order 0.85 % represents an expansion along the [111] direction of 0.28 %, or

about 2 pm. Because of the linear dependence of the transfer integral t on separation,

and the t2 dependence of the superexchange interaction one might expect this increased

separation to lead to a reduction of J ′ by about 0.4 meV from the bulk value, which

alone does not account for experimentally observed reduction. It might then be inferred

that the reduction more likely comes from the properties of the films themselves, be

it defects or the reduced dimensions of the films or a combination of these with the

strain effect of the substrate. In summary, the results here present the key to being

able to engineer the antiferromagnetism in NiO thin films and reliably quantify the

interactions.





Chapter 6

BaTiO3: Artificial Multiferroicity

and Ferroelectric Thin Films

6.1 Introduction and Literature Review

The subject of this chapter is the ferroelectric oxide BaTiO3 and the incorporation

of ferroelectric materials into TMR/TER based devices for either two state memory

devices or voltage controlled TMR for non-volatile low power, fast memory devices. I

will initially introduce the concept of ferroelectricity in thin films, then give examples

of BaTiO3-based heterostructures in literature and provide a motivation for this work.

6.1.1 Ferroelectricity and Multiferroics

The two most useful properties of the electron from the point of view of devices are its

spin (↑ , ↓) and it’s charge (−e). The field of electronics is concerned with the charge

transport of the electron in the electric field, whereas in magnetism the magnetisation

and magnetic fields are of interest. A third technologically significant field is spintronics,

which is concerned with the transport of electron angular momentum and is usually

manipulated with external magnetic fields or large currents. Another possible way of

influencing magnetic properties is through electric fields by coupling ferroelectricity to

magnetic order.

Ferroelectricity is named thus because of the similarity of the relationship between

the electric polarisation and applied electric field in ferroelectric materials and the

relationship between the magnetisation and applied magnetic field in ferromagnetic

materials. One observes hysteresis in the polarisation curves of these materials. Electric
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polarisation ~P is defined as the electric dipole moment per unit volume

~P =
δ~p

δV
=
~punitcell
Vunitcell

. (6.1)

and if we define the dipole moment ~p = q · ~d where q is the charge in a unit cell and ~d

is the displacement vector defining the dipole, we can express the polarisation as

~P =
q · ~d

Vunitcell
. (6.2)

Taking the unit vector parallel to the dipole moment ~n as a factor, an normalising the

dipole length |~d| by the parallel unit cell length a0,

~P =

(
qd

Aa0

)
· ~n (6.3)

equation 6.3 gives us the expression of polarisation in terms of charge and area. To

measure this property, we consider a capacitor structure such as the one shown in figure

6.1 and take the expression for the magnitude of the polarisation P = Q
A

. The area

A of the electrodes is known, and the charge Q can be calculated from a measured

capacitance and an applied voltage, using the equation for capacitance

C =
Q

V
. (6.4)

+Q

−Q

+++++++++++
- - - - - - - - - - - - - - - -

V

Figure 6.1: Schematic of capacitor structure for ferroelectric polarisation characterisation.
The ferroelectric (yellow) is polarised between the two electrodes (amber)
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Figure 6.2: Microscopic distortions of the structure of BaTiO3 and the associated energy
diagram [188, 189]

The microscopic picture of polarisation is most easily understood in the example of

BaTiO3 as shown in figure 6.2, which is a tetragonally distorted perovskite below the

ferroelectric Curie temperature at around 400 K, above which the structure becomes cu-

bic and the material displays paraelectric behaviour. It can be seen that this distortion

can only happen along high symmetry directions, and that this distortion necessarily

makes ferroelectric materials piezoelectric.

The origin of macroscopic ferroelectricity was first phenomenologically described in

terms of phase transformations after the theory of Landau in 1930 [190]. Landau

theory of phase transformations was concerned with order-disorder transformations

involving changes in crystal symmetry characterised by an order parameter and was

constructed for second order phase transformations which are continuous in entropy

at the transition point, but was extended by Devonshire in 1949 [191] to include first

order transformations, of which ferroelectric phase transformations are an example. A
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ferroelectric phase transformation can be described with polarisation P as the order

parameter.

If we consider the thermodynamics of the ferroelectric transformation of cubic para-

electric to tetragonal ferroelectric (m3m to 4/mm symmetery, a uniaxial polarisation)

like in the case of BaTiO3, in a stress free crystal, the free energy mas be expressed in

terms of a Landau potential, ∆AL(P, T ) and expand the free energy density as a Taylor

series in powers of P . This free energy functional is an even function in polarisation,

so it consists only of even powers of P :

∆AL(P, T ) =
1

2
αP 2 1

4
βP 4 +

1

6
γP 6 + ..., (6.5)

where α, β and γ are expansion coefficients known as ‘dielectric stiffness’ coefficients,

and are Taylor series as a function of temperature T themselves. Conventionally the

first coefficient α takes the following form, giving the Curie-Weiss behaviour familiar

to us from ferromagnetism:

α =
T − TC
ε0C

(6.6)

where TC and C are the ferroelectric Curie temperature and constant, respectively, and

ε0 is the permittivity of free space. Above TC , the Landau potential has a minimum

only at P = 0 which corresponds to the cubic (and centrosymmetric) phase, which

is paraelectric. Below TC , there are two minima in the potential with polarisation,

corresponding to the stable polarisation states of the non-centrosymmetric ferroelectric

phase along the direction of tetragonal distortion [192].

6.1.2 BaTiO3 in Device Structures

Major bottlenecks to the data-driven information technology sector today are the ca-

pacity, power consumption and read/write speeds of non-volatile memory components
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in integrated systems. The current generation of commercial hard drives use Ørsted

write-fields and tunnelling magnetoresistance (TMR) sensors (discussed in 1.2.1.2)

which utilise the switching of stable magnetic states to store data. For high bit rates,

such as in random access memory (RAM) complimentary-symmetry metal oxide semi-

conductor (CMOS) based storage is used for it’s high switching speed, but it is volatile

memory and requires continuous power supply. This is one of the major driving forces

behind the research into multiferroics, as researchers seek to combine the stability of

magnetic memory with the speed and low energy cost of voltage control achievable

in modern integrated circuitry. BaTiO3 is a purely ferroelectric oxide, as it lacks any

unpaired d or f electrons required for magnetism in transition metal oxides, and so is

not intrinsically multiferroic and must be combined with ferro- or ferrimagnetic mate-

rials to achieve multiferroic functionality. In the last twenty years, there have been a

number of high profile publications on artificial multiferroicity involving BaTiO3, with

two main approaches to the effect, namely strain mediated [193, 194] and electric field

(charge) mediated [195–197] magnetoelectric coupling. Notably, many of the papers on

magnetoelectric coupling by charge effects deal exclusively with ab-initio calculations,

as it is notoriously difficult to create the perfect interfaces required, and even more

difficult to reliably separate strain and charge effects. One example of an article which

attempts to approach the problem using a combination of precise analytical techniques

and calculation is the article by S. Valencia et al. [198] where the authors observe

changes in the spin polarisation at the interfaces of Co/BaTiO3 and Fe/BaTiO3 with

the ferroelectric polarisation of BaTiO3 and attribute part of the magnetic moment to

an induced spin on the Ti4+ site to a depth of a few unit cells in BaTiO3. This moment

is said to be due to hybridisation between Fe and oxygen atoms in the interfacial FeO

layer which is formed naturally in the structure.

This project deals with the proposition that electrically addressable TMR-based stor-

age could be a viable solution for a future generation of RAM, specifically the concept

of voltage controlled TMR via artificially multiferroic tunnel barriers. The proposed

device should consist of an all-oxide stack as shown in figure 6.3 consisting of a bottom
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electrode of conductive SrRuO3, a tunnel barrier consisting of insulating ferrimag-

netic NiFe2O4 and ferroelectric BaTiO3 layers and a top ferromagnetic electrode of

La0.7Sr0.3MnO3. The operation of the device relies of the combination of the spin fil-

tering effect (see 1.2.1.3) of NiFe2O4 with the ferroelectric effect of BaTiO3. Recent

theoretical work performed in Stefan Sanvito’s group at Trinity College Dublin sug-

gests that the sign of spin filtering through NiFe2O4 depends on the energy of tunnelling

states and that BaTiO3 can alter the band alignment of the electrodes and hence alter

the energy of these states [199, 200]. It is upon this basis that the project is conceived,

though the potential for the device to function as a 4-state memory element based on

electrical and magnetic field switching could also be explored.

NiFe2O4

BaTiO3

SrRuO3

SrTiO3

LSMO

Tunnel Barrier

Bottom Electrode

Ferromagnetic Electrode

Figure 6.3: Illustration of the cross section of a multiferroic tunnel junction stack

6.1.3 Motivation

The motivation of this project is the demand for high frequency control of magnetic

properties in oxides, to make them viable for integration into a future generation

of integrated circuit (IC) technology. The realisation of either a stable electrically-

writeable magnetic bit or a 4-state memory device would be a major step towards this

goal. The high polarisation of BaTiO3 (P ≈ 0.26 C m−2 [201, 202]) makes it a good

candidate for interacting by ferroelectric field effects rather than piezoelectric effects,

as compared with other piezoelectric ferroelectric materials such as Pb(Zr,Ti)O3 or

Pb(Mg1/3Nb2/3)O3-PbTiO3, which have high piezoelectric coefficients and may lead to

excessive strains which can damage brittle oxide films.
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BaTiO3 is also epitaxially compatible with other perovskite and spinel oxides and

has well-defined conditions for the growth of high quality single crystal films. These

qualities make it an ideal candidate for interfacial magnetoelectric coupling, as a good

control of the interface can be achieved in thin films of BaTiO3 with other oxide films.

6.2 Experimental Results

In this section, the structural properties of three BaTiO3 based structures will be dis-

cussed. The first is a simple blanket SrRuO3/BaTiO3 bilayer on SrTiO3 (001) used to

test the polarisability by EFM and DPFM (sections 2.5.2 and 2.5.3) of BaTiO3 thin

films, the second a trilayer of SrRuO3/BaTiO3/LSMO and the third a full multifer-

roic tunnel junction with a NiFe2O4/BaTiO3 barrier. The ferroelectric polarisation of

BaTiO3 is examined qualitatively and a persistent polarisation and polarisability is

shown and finally some transport properties of the multiferroic stack are shown.

6.2.1 Structure and Morphology of Films

As in chapters 3 and 4, the initial structural characterisation used to examine the

structures used in this chapter are symmetric XRD scans and XRR, followed by AFM.

In this project however, due to the length scales of critical aspects of the structures

such as line edge roughness, tunnel barriers and misfit defects, SEM was employed

and some TEM work was done by collaborators D. McLaren and K. O’Shea of the

University of Glasgow.

6.2.1.1 SrRuO3/BaTiO3 Bilayers

The XRD pattern of BaTiO3 on both SrTiO3 substrates and SrRuO3 layers is shown

in figure 6.4. The extracted perpendicular lattice parameter from the 19 nm film rep-

resenting a typical sample grown on SrTiO3 is 420 pm. This deviation from the bulk

tetragonal a⊥ = 403.6 pm implies that the film is strongly influenced by the the sub-

strate lattice parameter a‖ = 390.5 pm, inducing stronger tetragonality. In a film of
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Figure 6.4: XRD pattern of a SrRuO3/BaTiO3 bilayer structure on SrTiO3 (black line).
The thickness of the BaTiO3 layer is about 9 nm, which gives a very broad, low intensity
(002) peak. The red line is the XRD pattern of a single 18 nm thick BaTiO3 layer on SrTiO3

for comparison.

9 nm thick BaTiO3 on 63 nm SrRuO3 the BaTiO3 peak is not visible due to obscuration

by other peaks, when compared to the film grown on blank SrTiO3, although this film

is found to be ferroelectrically polarisable, as discussed in section 6.2.2, indicating that

it is of high quality.

6.2.1.2 SrRuO3/BaTiO3/LSMO Trilayers

The XRD pattern of a trilayer film of SrRuO3/BaTiO3/LSMO, with each layer at

an approximate thickness of 20 nm, as measured with a parallelised source is shown in

figure 6.5. Three clear peaks at 2θ ≈ 44.5◦, 46◦ and 47.5◦ correspond to the (002) peaks

of BaTiO3, SrRuO3 and LSMO, respectively, and again it is clear that the BaTiO3 peak

is significantly displaced by strain from the single crystal (002) position of 44.88◦, shown

by the dotted line in figure 6.4 which happens to coincide with the CuKβ cutoff of the

Ni foil filter used.
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Figure 6.5: XRD pattern of a SrRuO3/BaTiO3/LSMO trilayer structure on SrTiO3.

A number of these films were patterned by UV lithography and Ar-ion etching to form

simple capacitor structures with millimeter-sized contacts, but were found to be shorted

across the BaTiO3 layer after patterning. SEM was used to examine the edges of the

structure to determine the quality of the pattern in three different samples. As can

be seen in figure 6.6, the lines of the pattern are not well defined, and in some cases

there is a large amount of pitting. The images (a) and (b) from this figure are from the

same sample, and a horizontal region of persistent charging can be seen, where a linear

scan to adjust contrast and brightness was performed. This indicates that there is

potentially large regions of the sample where there is no path for charge to compensate

across the ferroelectric layer. Comparing the images (c) and (d) indicates that there

may be some conditions which give more desirable results in terms of morphology, as

the pitting in (d) is significantly reduced from that of (c). Unfortunately, an ideal

etching condition could not be reached during the course of this experiment.
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Figure 6.6: SEM images of the surface of a representative set of trilayer samples after ion
milling to make it possible to address the bottom SrRuO3 layer. The horizontal line in (a)
and (b) is due to charging from the electron beam during a linescan to adjust contrast and

brightness.

6.2.1.3 SrRuO3/NiFe2O4/BaTiO3/LSMO Stacks

A cross-sectional TEM image of the full device stack is shown in figure 6.7, although

for the purposes of clearly showing the quality of the epitaxy of the barrier layers, this

particular sample used a total barrier thickness of 10 nm whereas the thickness used

for tunnelling devices was around 3 nm. The SrTiO3/SrRuO3 interface is sharp with

some in-plane defects arising from steps on the substrate surface, but ultimately is of

high quality. The interface of the 30 nm SrRuO3 film with NiFe2O4 is also quite sharp,

although there are a small number of misfit dislocations within the field of view at this

interface, as well as at the interface with BaTiO3, and there is also some mosaicity

visible in the BaTiO3 film. The crystallinity is recovered to a large extent in the 50 nm

LSMO film, although there is a surface roughness of about 2 nm at the top surface of
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Figure 6.7: Cross sectional TEM images of the full stack and the interface of SrRuO3 with
the substrate.

the film, indicating that there may have been a transition to island growth from the

nominally layer-by-layer growth indicated by RHEED.

6.2.2 Electrostatic Force Microscopy of SrRuO3/BaTiO3 Bi-

layers

The EFM images taken before and after polarisation of the 9 nm thick BaTiO3 on a

63 nm thick SrRuO3 electrode layer is shown in figure 6.8. The voltage applied between

the AFM tip and the SrRuO3 to switch the layer is 25 V, which corresponds to a

maximum applied electric field of about 140 kV cm−1. This is likely not a good estimate

of the coercive electric field however, as the cantilever was likely deflected by the large

electrostatic forces acting on it. The image of the polarised region supports this, in

that there appears to be many more artefacts after the polarisation event, possibly

due to damage to the tip. The EFM image shows that there is a persistent stable

electrostatically charged region at the surface of the BaTiO3 film after the application of

an electric field. The shape of the polarised region in the EFM heightmap image is likely

determined by a number of factors, primarily the shape of the tip and the distribution of

electric field intensity between the tip and the electrostatic charge image created within
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the conductive SrRuO3 layer beneath the BaTiO3 film. The PID feedback controls of

the AFM apparatus attempt to follow lines of constant force between the tip and

sample during each pass of the tip, and thus reflect inhomogeneity of the electrostatic

repulsion forces within the polarised region.

6.2.3 Direct Piezo Force Microscopy of BaTiO3 Films

The polarised surface of BaTiO3 on SrRuO3 electrode in an identical sample to that

shown in figure 6.8 is shown in figure 6.9, contrasting the signals obtained with and

without gain on the PID feedback loop used to correct the sample height in normal

contact mode AFM operation. In figure 6.9 (f) the voltage generated by the acoustic

vibrations of the tip as a result of the sample piezoelectricity can be seen. As it

traces out the polarised region, it can be inferred that the polarised region is indeed

piezoelectric. The effect of PID feedback in this case is to drown out most of the DPFM

signal, as seen in figure 6.9 (c).

6.2.4 Transport in Patterned Devices

Repeated cycling of the room temperature I-V curve of a full device stack consisting

of a SrRuO3 bottom electrode, a NiFe2O4/BaTiO3 barrier and a LSMO top electrode

which has been patterned with 2 × 2 µm junctions is shown in figure 6.10. In this

sample the barrier layer consisted of 1.6 nm thick NiFe2O4 and 2 nm thick BaTiO3,

corresponding to two unit and five unit cells respectively. A clear hysteretic effect can

be seen, indicating that there is perhaps a TER effect switching the structure between

high and low resistance states, but it also seems to exhibit a gradual evolution in the

low resistance state towards more metallic behaviour. In spite of this, the junction can

reliably be returned to a high resistance state repeatedly with the application of a 1 s

voltage pulse of 5 V.

The room temperature I-V characteristics of the patterned junction in different resis-

tance states in a second sample with a 1.2 nm thick NiFe2O4 and 1.6 nm thick BaTiO3
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Figure 6.8: Electrostatic force microscopy images of the unpolarised (a) and polarised (b)
BaTiO3 surface.
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Figure 6.9: Direct piezo force microscopy images of the polarised BaTiO3 surface for a
SrRuO3/BaTiO3 bilayer on SrTiO3. The images show the polarised region with (a,b,c) and
without (d,e,f) PID feedback gain. The height-maps (a,d), deflection of the tip as detected

by the AFM diode (b,e) and the piezo-response of the film (c,f) are shown.
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Figure 6.10: I-V characteristic of one of the patterned device stacks with a SrTiO3 bot-
tom electrode, NiFe2O4/BaTiO3 barrier, and a LSMO top electrode on SrTiO3 showing the

evolution of resistance with repeated cycling.

barrier are shown in figure 6.11. To switch between states, a voltage step was applied

to the junction in order to polarise the barrier. Two different voltages of 2 V and 6 V

are shown in figure 6.11 (a) and (b) respectively. Interestingly, the effect of the polarity

of the pulse is reversed between the two voltages. Figure 6.11 (c) shows the change in

resistance on switching between the two states, which is roughly a factor of two.

6.3 Discussion and Conclusions

The results of this chapter establish that the growth of ferroelectric BaTiO3, which can

be reliably polarised in very thin film form, shown here down to a thickness of 9 nm,

has been achieved. EFM and DPFM have been employed to show unambiguous elec-

trostatic interaction in the former and piezoelectric response in the latter. These films

are not ultrathin, but do approach the theoretical critical thicknesses of ferroelectricity

in some reports prior to this of 2.4 - 5 nm [203, 204] although ultrathin ferroelectric
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BaTiO3 layers have been shown before [205]. The results of this experiment are encour-

aging, and provide a basis for experiments on the ferroelectric field effect on magnetic

oxides.

The trilayer capacitor structure of section 6.2.1.2 represents an attempt at the fabri-

cation of ferroelectric field effect structure which could be used to observe the effect of

polarisation on the presence of the intrinsic dead layer of LSMO. It is certainly con-

ceivable that the process of the formation image charges in the LSMO film to partially

compensate the depolarising field in BaTiO3 (section 1.3.2) could effect the conditions

required for the formation of the electronic phase separation (section 3.3). The method

for preparing the structures has two main drawbacks which can explain the leakage

across the BaTiO3 layer, the first of which is easily overcome in principle; the Ar-milling

process used to etch the oxides here resputters metal ions readily onto the structures

being patterned, causing filaments to form between the electrodes. This can be avoided

by introducing low-angle etching steps to remove this material, sacrificing only a small

amount of the capacitor structure, but this requires the device become more elaborate,

where many small junctions should be made so as to have redundancy and not to waste

large areas of the blanket film. The second and somewhat more serious drawback is

then revealed, as the SrTiO3 substrates upon which these devices are patterned have

a significant increase in their conductivity due to either Ar implantation or reduction

of the surface with the liberation of the oxygen. Ideally, a reactive ion-etching recipe

which is selective to particular layers would be used, such as the BCl3 etch which has

been used by collaborators from Paul Scherrer Institut (PSI) in Switzerland to pat-

tern the device structures measured in section 6.2.4. Another method which could be

utilised to etch is by a wet chemical processes, and this represents a potential route to

the elimination of these drawbacks in future work.

The main result of this chapter is the electrical characterisation of fully integrated

artificial multiferroic heterostructures. The structure of the heterostructure is that of

an asymmetric ferroelectric tunnel junction (FTJ). The physics of electron transport
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Figure 6.12: Potential profiles of the two possible polarisation states within the symmetric
FTJ barrier of thickness t where x is the axis of electron propagation. Adapted from [206].

through the FTJ is described in the work of H. Kohlstedt et al. [206]. The description of

the asymmetric junction in this work is well suited to the structure presented here. The

profile of the ‘zigzag’ potential barrier in a symmetric ferroelectric junction is shown in

figure 6.12. In this configuration, the depolarising field of the ferroelectric is screened

symmetrically by the image charges induced in the electrodes, so that the average

barrier height in either polarisation state is the same. Any change in tunnelling I-V

curves is then due to piezoelectric effects, such as changes in the electron effective mass

in the direction of the induced strain, changes in the conduction band edge effecting the

electron wavenumber along the strain direction, and changes in the barrier thickness

(t = t0 + d∗33V , where d∗33 is the effective piezoelectric coefficient along the direction of

the applied voltage V ). These effects give rise to changes in current density J (A m−2)

proportional to the second order in voltage V .

In an asymmetric junction, however, the profile of the potential barrier is not symmetric

due to the different ability of the electrodes to screen the depolarising charges of the

ferroelectric layer. In the simplest model provided by Kohlstedt, one electrode perfectly

screens the depolarising charge of the ferroelectric and the other has a screening charge

shifted from the ferroelectric by ∆t, the potential profile is then approximated by that

shown in figure 6.13. There are now two stable average barrier heights, φ1 and φ2 where

∆φ = φ1 − φ2. The change in barrier height is approximated by
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Figure 6.13: Potential profiles of the two possible polarisation states within the shorted
asymmetric FTJ barrier with one electrode perfectly screening the depolarisation charge.

Adapted from [206].

2∆φ ≈ e|Ps|(t−∆t)

[ci(t−∆t)− ε0εf ]
(6.7)

Where e is the electron charge, Ps is the saturation polarisation, εf is the dielectric

constant of the ferroelectric and ci is the interfacial capacitance (in units of F m−2)

[207], given by

ci =
ε0
√
εm

2λTF
. (6.8)

The Thomas-Fermi screening length in LSMO is approximately λTF = 0.2 nm [40] and

the dielectric constant is about εm = 4 [208], giving ci = 44 mF m−2. Using this value,

and assuming εf ≤ 300, ∆t � t and Ps = 0.26 C m−2 gives a value of ∆φ ≈ 80 meV

for a SrRuO3/BaTiO3/LSMO junction with a 1.6 nm thick barrier. The presence of

a 1.2 nm thick NiFe2O4 layer within the barrier further complicates the situation by

increasing the asymmetry of the structure, but if the NiFe2O4 is taken into account as

merely adding to the full barrier thickness, assuming the potential is roughly constant

in the layer, then a change in barrier height of ∆φ ≈ 150 meV is obtained. Using the

expression for the ratio of resistances in the high and low barrier states at low voltage

derived from J. Simmons work [209] by Kohlstedt and given by
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where h is Planck’s constant and m0∗
x is the electron effective mass along the propaga-

tion direction, a ratio of 1.77 is obtained for ∆φ = 80 meV and 2.91 for ∆φ = 150 meV.

The ratio of the resistances in the tunnel junction shown in figure 6.11 is around 2,

indicating that the description of the junction lies somewhere between these models,

but the behaviour is qualitatively similar to that of the asymmetric FTJ described in

that work.

In conclusion, a ferroelectric tunnel junction has indeed been realised during this work

and it only remains to be shown that there is coupling between the magnetic and

ferroelectric properties to realise a full artificial multiferroic tunnel junction.



Chapter 7

Conclusions and Outlook

7.1 Conclusions

In this work the structural, magnetic and transport properties of LSMO thin films

have been explored. The films were of high quality and displayed the desired bulk

like magnetic properties in thick films. Strain induced by the substrate was found to

influence the thickness of the interfacial dead layer to a large extent. The nature of

the dead layer is found to be antiferromagnetic and it exists at both the free surface

and interface, although the exact energetic configuration of the interfacial dead later

may be different from the surface dead layer. It is conceivable that the surface layers of

LSMO films can be affected by defects such as oxygen vacancies and adsorbates which

adhere to the surface between the sample fabrication and measurement. There was

no observed preferential occupation of the (3z2 − r2) over the (x2 − y2) orbitals in the

XLD spectra, which rules out to some extent the theory of orbital reconstruction. The

evidence points to the theory of electronic phase separation as a means to explain the

existence of the dead layer.

The magnetic anisotropy of CoFe2O4 is found to be determined primarily by the sub-

strate induced strain, with both in-plane and out-of-plane orientations of the easy axis

obtainable simply by the choice of substrate. Very high anisotropy fields of 14 T are

obtained for in-plane orientations of the easy axis. This study shows that under good

conditions of growth, CoFe2O4 films can reach magnetisations close to the bulk mag-

netisation of 455 kA m−1 on different substrates. This has been shown to be due to

the sensitivity of CoFe2O4 films to the oxygen pressure during deposition. The most

plausible explanation found for this effect in the CoFe2O4 films is changes in the Co

spin state due to epitaxial strain.

145
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The problem of changing spin states is not present in NiFe2O4, as Ni2+ (3d8) does

not adopt a low spin state, making it the better choice for device applications such

as that envisioned in this work. Its epitaxial compatibility with SrRuO3 in thin film

form, exhibiting low roughness while retaining the desired magnetic properties at low

thickness and above room temperature make it ideal for incorporation into the artificial

multiferroic structure of chapter 6.

The exchange integrals J and J ′ have been determined by analysis of the spin-wave

dispersions in three dimensions in thin NiO films. The disparity between the bulk INS

values and those found here are theorised to be due to strain effects imposed by the

substrate during deposition. The results represent the key to being able to engineer the

antiferromagnetism in NiO thin films and reliably quantify the interactions by RIXS.

The results of the investigations into the properties of PLD grown ferroelectric BaTiO3,

show that it can be reliably polarised in thin film form down to a thickness of 9 nm.

EFM and DPFM have been employed to show unambiguous electrostatic interaction in

the former and piezoelectric response in the latter. The results of this experiment are

encouraging, and provide a basis for experiments on the ferroelectric field effect on mag-

netic oxides. The devices based on BaTiO3 patterned to form artificially multiferroic

tunnel junctions have shown properties that closely match those of theoretical anti-

symmetric ferroelectric tunnel juntions. In conclusion, it is believed that a ferroelectric

tunnel junction has indeed been realised during this work and that it only remains to

be shown that there is coupling between the magnetic and ferroelectric properties to

realise a full artificial multiferroic tunnel junction.

In conclusion, and rounding up, this thesis represents advances in the understanding of

the properties of five oxides which each have unique barriers to their implementation as

components in oxide spintronic devices. The first of these, LSMO, can be incorporated

as a magnetic electrode if the strain of the interfaces can be minimised. The evidence

which points to the presence of electronic phase separation indicates that there is a large

sensitivity of ultrathin films to external perturbations, as there is a competition between
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phases. In the ferrites NiFe2O4 and CoFe2O4, epitaxial films with optimised magnetic

properties have been grown, overcoming the problem of reduced magnetisation and

allowing for reliable control of the anisotropy in CoFe2O4 by substrate strain. The

mapping of spin-wave dispersions in thin NiO films by RIXS has allowed for direct

comparisons between bulk and thin film antiferromagnetic exchange constants, and

represents a valuable insight into the dynamics of thin film antiferromagnets. Finally,

the incorporation of ferroelectric BaTiO3 into an all oxide tunnel junction represents a

first step toward an electronically modulated magnetic tunnel junction.

7.2 Outlook

As mentioned in the previous section, the work here represents an insight into the

materials that may well one day be used to build the oxide spintronics devices that

will enable the next generation of data storage and sensor technology. However, before

that goal is reached, it is worth mentioning a number of future objectives which should

be envisaged. The first of these is the minimisation of the LSMO dead layer, and

the path to this is clear if one is willing to accommodate the minimisation of strain

by engineering the interfaces. In much the same way as LSAT substrates are tailored

to minimise the strain effects on YBCO, substrates could also be tailored to do the

same for LSMO. Another route to LSMO integration is through gradients in the Sr

concentration. A more heavily Mn3+/4+ doped interfacial layer could have the effect

of decreasing/increasing the dead layer, although this may be more difficult to achieve

than a tailored substrate or ideal buffer layer.

NiO remains an interesting material in it’s own right, and is currently undergoing

a revival in interest in the context of antiferromagnetic spintronics. The information

obtained by the research shown in this thesis will surely play a part in the developement

of that field from the point of view of understanding the exchange interactions in

increasingly complex adaptations of NiO thin films such as heterostructures and doped
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films. The application of NiO as an exchange bias layer in all oxide heterostructures

should be explored to elucidate the superexchange coupling across layers.

In terms of the ferrimagnets CoFe2O4 and NiFe2O4, their applications are tied to those

of BaTiO3 in terms of this work. The contribution to the future of artificial multiferroics

stemming from this work should involve measuring the magnetotransport of those de-

vices mentioned in chapter 6, and fabricating similar devices based on CoFe2O4/BaTiO3

tunnel junctions. The multiferroic coupling of CoFe2O4 and BaTiO3 may in fact be

interesting in terms of the modulation of anisotropy and damping by strain effects, as

the work here has shown that CoFe2O4 has a collosal magnetoelastic coupling, which

is maintained in thin films.

The achievements of this work will lay the foundations for adaptations of the materials

described within, and are a significant contribution to the progress of oxide electronics

as well as the understanding of some the mechanisms of those oxides.
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[205] C. Li, L. Huang, T. Li, W. Lü, X. Qiu, Z. Huang, Z. Liu, S. Zeng, R. Guo,

Y. Zhao, K. Zeng, M. Coey, J. Chen, Ariando, and T. Venkatesan, “Ultrathin



Bibliography 170

BaTiO 3 -Based Ferroelectric Tunnel Junctions through Interface Engineering,”

Nano Letters, vol. 15, pp. 2568–2573, Apr. 2015.
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