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Abstract

Multiferroics are unique materials that display multiple ferroic properties
(ferroelectricity, ferromagnetism and ferroelasticity) simultaneously. A number of ma-
terials containing bismuth have intrinsic multiferroic properties, including BiFeO3 and
BiCrO3. Among them, BiFeO3 has attracted widespread attention because BiFeO3 was
the first material to display multiferroic behaviour at ambient temperature. A weak
ferromagnetism occurs only at low temperatures depending on synthesis conditions.
This thesis reports the structural, magnetic and optical properties of nanostruc-
tured BiFeO3 thin films prepared by two novel approaches of ion beam sputtering and
ion implantation techniques.

Nanocrystalline BiFeO3 films were prepared at ambient temperature by
sputtering and thermal annealing at 500 °C in an oxygen atmosphere. The annealing
resulted in the formation of multiferroic BiFeO3 phase with a reduction of iron oxide
and bismuth phases. Superparamagnetism was observed and could be attributed to
magnetite and maghemite nanoparticles. The magnetic properties were mainly due to
magnetite and maghemite nanoparticles. The saturation magnetic moment was 60%
lower after annealing, which was due to Fe in phases of iron oxide being incorporated
into BiFeO3 nanoparticles. An exchange bias was observed before and after annealing.
The exchange bias cannot be attributed to BiFeO3 structure. Instead, the exchange has
likely arisen from magnetite and maghemite cores with spin-disordered shells. Piezo-
electric responses measured by piezoelectric force microscopy confirmed the presence
of BiFeO3 ferroelectric material. The Magneto-optical Kerr effect (MOKE) and optical
studies were used to calculate an anomalously high Verdet constant. The MOKE and
magnetic circular dichroism (MCD) displayed a significant modification in function
of the wavelength. Further increasing the annealing temperature lead to an increase
in iron oxide phases, while increasing the annealing duration reduced the iron oxide
phases, however this increases the fraction of Bi2Fe4O9 and Bi2O3.

Another approach to synthesise BiFeO3 thin film was investigated by bismuth
ion implantation into iron oxide thin film. An as-made iron oxide film subsequently



implanted with bismuth and annealed showed a 6.5% reduction of the ferromagnetic
phase fraction. An annealed iron oxide film subsequently implanted with bismuth and
annealed show that the ferromagnetic phase was present at less than 4% while Fe3O4

and γ-Fe2O3 increased to 7%. The coercive field is affected by annealing. However,
this field is not affected by the bismuth implantation.

For the first-time, a preliminary investigation reporting the implantation of Bi
then Fe then O into SiO2:Si was made with the aim to synthesise BiFeO3 films and
magnetic nanoparticles. The implantation of Fe then O then Bi into SiO2:Si contained a
mix of iron oxides: α-Fe2O3 and Fe3O4, as confirmed by Raman spectroscopy and X-ray
diffraction, while γ-Fe2O3 was most likely also present in the film. The as-implanted
sample displayed a sign of a superparamagnetic phase that was lost with annealing
the sample.

Preliminary investigations of another multiferroic material, BiCrO3, were carried
out. Thin films of BiCrO3 were prepared by ion beam sputtering and annealing the
sample in an oxygen atmosphere which lead to BiCrxOy with chromium oxides and
bismuth oxide phases. Magnetic enhancement was observed when annealing above
700 °C. Annealing in an oxygen atmosphere followed by an argon atmosphere created
a superparamagnetic phase that was not visible under other annealing conditions.



Résumé

Les matériaux multiferroı̈ques sont uniques en raison de leur capacité à combiner
simultanément plusieurs propriétés des matériaux ferroı̈ques (ferroélectricité, ferro-
magnétisme et ferroélasticité). Plusieurs matériaux contenant du Bi ont des propriétés
multiferrroı̈ques, par exemple BiFeO3 et BiCrO3. Parmi ces matériaux, le BiFeO3 est un
multiferroı̈que qui attire une attention particulière parce qu’il est le premier matériau
dont les propriétés multiferrroı̈ques ont été démontrées à température ambiante. Son
faible ferromagnétisme se produit seulement à basse température selon la méthode de
synthèse. Cette thèse présente les propriétés structurales, magnétiques et optiques de
films minces nanostructurés de BiFeO3 préparés selon deux nouvelles approches : la
déposition par faisceau d’ions (en anglais ion beam sputtering) et l’implantation d’ions
(en anglais ion implantation).

Les films de BiFeO3 nanostructurés ont été préparés par déposition de faisceau
d’ions (en anglais ion beam sputtering) à température ambiante suivie d’un recuit à
500 °C dans une atmosphère d’oxygène. Le recuit a eu pour résultat la formation de
BiFeO3 multiferroı̈que. De plus, le recuit a réduit la quantité de sous-produits d’oxyde
de fer et de bismuth. Le superparamagnétisme a été observé, mais cette propriété
pourrait être attribuée aux nanoparticules de magnétite et de maghémite. Les pro-
priétés magnétiques sont principalement causées par ces nanoparticules. La saturation
du moment magnétique est 60 % plus faible après le recuit, ce qui est causé par une
quantité de fer sous forme de nanoparticules d’oxyde de fer formant des liens avec
du bismuth afin de former des nanoparticules de BiFeO3. Un échange d’anisotropie
(exchange bias) a été observé avant et après le recuit. L’échange d’anisotropie ne peut
pas être attribué à la structure des cristaux de BiFeO3. Il est fort probable que cette
propriété provienne d’une structure de noyau à base de magnétite et d’un désordre
de spins d’une couche extérieure de maghémite, une structure magnétite-maghémite
noyau-enveloppe (en anglais core-shell). La mesure de la réponse piézoélectrique par
microscopie à force piézoélectrique confirme la présence de matériel ferroélectrique,
BiFeO3. L’effet Kerr magnéto-optique (en anglais MOKE) et l’étude des propriétés



optiques ont été dérivés pour calculer la constante de Verdet qui dans cette étude est
anormalement élevée. Le MOKE et le dichroı̈sme circulaire magnétique (en anglais
magnetic circular dichroism, MCD) varient grandement en fonction de la longueur
d’onde. Augmenter la température du recuit entraine une hausse de la concentration
d’oxyde de fer, alors qu’une augmentation de la durée du recuit réduit la concentration
d’oxyde de fer, et augmente la concentration de Bi2Fe4O9 et de Bi2O3.

Une autre approche pour fabriquer un film mince de BiFeO3 a été étudiée
en implantant des ions de bismuth dans un film mince d’oxyde de fer. La technique
utilisée pour modifier le film est l’implantation d’ions (ion implanter). Un film tel
que déposé d’oxyde de fer qui par la suite a été implanté avec des ions de bismuth
puis recuit a démontré une réduction de 6.5 % de la concentration du matériel ferro-
magnétique. Toutefois, le film d’oxyde de fer recuit puis implanté avec des ions de
bismuth et recuit une deuxième fois démontre que la concentration de matériel ferro-
magnétique est inférieure à 4 %. Cette procédure a augmenté la concentration de Fe3O4

et γ-Fe2O3 à 7 %. La mesure du champ coercitif (coercive field) est affectée par le recuit,
mais elle n’est pas affectée par l’implantation de bismuth.

Pour la première fois, cette étude rapporte une exploration préliminaire ayant
pour objectif la synthèse de nanoparticules magnétiques et de BiFeO3 par la triple
implantation : bismuth, fer et oxygène, dans un substrat de SiO2. L’implantation du fer
suivie d’oxygène puis de bismuth dans le SiO2 a résulté en la formation d’un mélange
d’oxyde de fer : α-Fe2O3 et Fe3O4. Ce résultat a été confirmé par l’analyse de la spectro-
scopie Raman et la cristallographie aux rayons-X (XRD). γ-Fe2O3 est fort probablement
présente dans l’échantillon. Ce dernier, tel qu’implanté, démontre des signes d’un
matériau superparamagnétique non-identifié par les différentes techniques d’analyses,
cependant ce matériau semble disparaitre après le recuit.

L’étude préliminaire d’un autre matériel multiferroı̈que, BiCrO3, a été réalisé. Le
film a été préparé par déposition de faisceau d’ions puis recuit dans une atmosphère
d’oxygène résultant en la formation d’un film composé de BiCrxOy, d’oxyde de chrome
et d’oxyde de bismuth. Une augmentation du moment magnétique a été observée
lorsque l’échantillon est recuit à 700 °C. Un recuit dans une atmosphère d’oxygène
suivi par un deuxième recuit dans une atmosphère d’argon semble créer un matériel
superparamagnétique, alors que ce n’est pas le cas lorsque le film est soumis à d’autres
conditions de recuit.
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Chapter 1

Introdution

The 20th century marked a revolutionary time for electronics and computing. With the
first steps in computer science achieved at the beginning of the century, rapid progress
enabled an increase in the number of personal computers and portable electronic de-
vices by the end of the century. Today, tablets and smart devices are easily found in
electronic stores. Research of new, smaller materials was key in making all this pos-
sible. Continued research into new and more efficient materials like multiferroics has
potential to open further new technology horizons in the future.

Multiferroics are unique materials that display multiple ferroic properties (ferro-
electricity, ferroelasticity and ferromagnetism) simultaneously. A more inclusive def-
inition also includes antiferroelectricity and antiferromagnetism. Recently, the most
studied multiferroic material has been bismuth ferrite, BiFeO3, which displays anti-
ferromagnetic and ferroelectric properties at ambient temperature [Catalan and Scott,
2009]. Bismuth ferrite’s ferroelectric dipole ordering and antiferromagnetic magnetic
ordering are linked, allowing the magnetic ordering to alter the electrical polarisation
direction while the electrical polarisation can modify the magnetic moment ordering of
the material [Murakami et al., 2006]. A number of materials containing bismuth have
intrinsic multiferroic properties, including BiFeO3 and BiCrO3 [Murakami et al., 2006].

The unique electrical and magnetic properties of multiferroics create numerous
potential applications, such as use in spin valve devices [Dho and Blamire, 2009]. A
spin valve device uses the antiferromagnetism of BiFeO3 material to control the mag-
netisation of a layer of ferromagnetic material via an exchange bias, leading to unidi-
rectional anisotropy [Dho and Blamire, 2009]. BiFeO3 is also an interesting material
for developing the next generation of solar panels as this material has a low band gap
value (2.67 eV, 465 nm) [Yang et al., 2010b] and excellent photovoltaic properties [Sando
et al., 2013].

Despite the wide potential applications, much of the research on BiFeO3 has
been focused on developing a fast, low energy and non-volatile magnetoelectric RAM
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(MeAM). MeRAM takes advantage of the BiFeO3 exchange bias, switching the mag-
netisation in the adjacent magnetic layer and making reading data easier [Gajek et al.,
2007]. MeRAM combines the advantages of ferroelectric RAM (FeRAM), fast-reading,
high-density of information and lower power usage, with the non destructive reading
capability of magnetic RAM (MRAM). To identify the next generation of nano ma-
terials to build MeRAM, identifying materials with exchange biases that are able to
reversibly exchange information from electrical polarisation into the magnetic domain
without modifying the original data is critical.

Superparamagnetism is another interesting property to study because this state
could theoretically limit the storage density available. As a function of the temperature
and the size of the magnetic domain, the material can be either superparamagnetic, the
magnetic domain orientation changes faster than the time required to measure those
domains’ orientation, or blocked in one magnetic order. Superparamagnetism is a
magnetic state of a nanoscale material that is either ferromagnetic or ferrimagnetic
and in which thermal energy is greater than the crystal anisotropy energy [Müller
et al., 2006]. In other words, superparamagentism can be summarised as a competi-
tion between the thermal energy and the magnetocrystalline anisotropy energy of the
nanoparticle. Some iron oxides are known superparamagnetic materials [Naganuma
et al., 2007]. BiFeO3 is believed to display a spin glass effect, reducing the likelihood of
BiFeO3 displaying a superparamagnetic state, although the iron spin canting moment
could be mistakenly compared to a superparamagnetic state.

A few questions arise from bismuth-based multiferroics, such as, the systematic
study of the synthesis of nanostructured multiferroic films and their structural, elec-
tronic and magnetic properties is analysis through ion beam sputtering BiFeO3 thin
film and ion implantation. To investigate these topics, the nanocrystallinity, compo-
sition and the magnetic and electrical properties were studied. For the first time,
the magneto-optical Kerr effect is reported on sputtered BiFeO3. The study is cen-
tre around the multiferroic properties that include the coexistence of magnetic and
electric properties. Such material could serve has the basics of the next generation of
faster, energy efficient memory and sensor technology. The systematic study is based
on the literature review of the synthesis of BiFeO3 nanoparticle and thin film, by syn-
thesis technic like sol-gel and pulse laser deposition. Synthesis by ion implantation
was also studied, the results were compare with the literature review and the ion beam
sputtered film. The motivation to use implantation technique arise from the literature
confirming the formation of magnetic nanostructured material. This technique could
also lead to the synthesis of heterojunction with exchange bias and potentially forming
BiFeO3 nanostructures by Bi implantation of iron oxide thin film. A significant ad-
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vantage of doping a thin film with an ion implantation technique is to provide precise
control of dopant concentration and depth.

This thesis begins with a literature review (chapter 2) summarising the history,
properties and crystal structure of BiFeO3. This includes a detailed definition of mul-
tiferroic materials and the ferroic properties of BiFeO3, ferroelectricity and antiferro-
magnetism, the magnetic ordering of bulk material and nanoparticles. A more in-
depth explanation of superparamagnetic and exchange bias theory is also provided.
The magneto-optical Kerr effect, Verdet constant and Faraday effect are explained.

The details of the experimental setup, including the preparation of the substrate,
the sample synthesis and the characterisation techniques, are provided in chapter 3.
The synthesis techniques are the ion beam sputtering, ion implantation and anneal-
ing furnace. The characterisation techniques include Rutherford backscattering spec-
troscopy, X-ray diffraction, microscopy (e.g. AFM, MFM, PFM), Raman spectroscopy,
magnetometer (SQUID) and optical light transmission.

Chapter 4 contains the analysis of the sputtered BiFeO3 thin film. The structure,
roughness, electrical properties, magnetic ordering, magneto-optical Kerr effect and
optical band gap are included in this chapter. A film annealed at 600 °C for 15 minutes
and a film annealed at 700 °C for 7 hours are compared to the film annealed at 500 °C
for 15 minutes to study the optimisation of this synthesis technique.

Chapter 5 contains an analysis of the effect of bismuth implantation into an iron
oxide film. This chapter present the structural and magnetic properties comparison of:

• as-made iron oxide film

• annealed iron oxide film

• as-made iron oxide film subsequently implanted with bismuth and annealed
(presented in Appendix C.2)

• annealed iron oxide film subsequently implanted with bismuth and annealed

Chapter 6 summarises the study and provides an outline for potential future work.

The appendix contains the list of publications, complementary information for
the analysis of the different films and preliminary results. The details of the RBS anal-
ysis, RUMP fit and the preliminary results of wettability of the sputtered BiFeO3 films
are presented. Further details of the RUMP of the bismuth implanted iron oxide film
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are also presented. A preliminary analysis of a material synthesised by triple ion im-
plantation (Bi, Fe and O) into SiO2:Si and bulk Si, with the aim to compare the resulting
materials with BiFeO3 and iron phases are discussed. While ion implantation is a com-
mon technique and a double implantation has been achieved, the difficulties increase
with the number of ions so the triple implantation is less frequently reported in litera-
ture. The Appendix E close with an analysis of the preliminary results of BiCrxOy thin
film synthesis with ion beam sputtering. The structure, phases and magnetic ordering
are analysed and compared with bismuth oxide, chromium oxide and BiCrO3.



Chapter 2

Literature review

This chapter reviews the basics of nanoparticle magnetic properties and theoretical
models used to interpret the multiferroic properties. A formal introduction the state of
the research of multiferroic BiFeO3 is discussed along with previously reported BiFeO3

thin film synthesis technique is presented with a discussion on the advantage and in-
convenient of those techniques. The magneto-optical Kerr effect, MOKE, is discussed
in this chapter.

2.1 Magnetic properties

Magnetic particles can align their spins in similar direction. Antiparallel; antiferro-
magnetic or ferrimagnetic, parallel; ferromagnetic and particles size or other material
frustration sources could happen to create a spin canting, those are all possible order-
ing of clusters of nanoparticles, Figure 2.1.1.

Figure 2.1.1: Visual representation of magnetic and electrical order, ferro-alignment (top),
antiferro-alignment (middle) and ferri-alignment (bottom).

Magnetic nanoparticles can react to an applied magnetic field as they are often
made of a magnetic metal element like iron integrated in a more complex molecule
[Tadic et al., 2014]. Magnetic nanoparticle properties may change with different syn-
thesis techniques, grain size or structure. The superparamagnetic behaviour is found
in some magnetic nanoparticles [Lu et al., 2007].

There are a few types of well-studied magnetic nanoparticles, like the ferrite
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oxides, metallic particles. The iron oxides, magnetite and maghemite, are discussed
with BiFeO3 in Section 2.3. They are the most studied magnetic nanoparticles, able
to become superparamagnetic under the ideal condition, with grain size smaller than
∼130 nm [Lu et al., 2007]. Superparamagnetic clusters can increase the magnetic mo-
ment by manipulating individual superparamagnetic nanoparticles [Tadic et al., 2014].
After the applied magnetic field vanishes, the nanoparticles will lose their remanence
like non-magnetic oxide, Bi2O3 [Tadic et al., 2014]. Magnetite and maghemite bond-
ing with other molecules can improve their magnetic moment by coated silica on their
surface [Kralj et al., 2010]. If other properties are required, these iron oxide materials
can be coated with other elements to acquire those properties. There are several ad-
vantages to work with coated ferrites instead of metallic ions. The ferrites allow for
an increasing stability, the magnetic moment depends on the cluster size or domains
size and synthesis technique can modify the size of those domains and the particle’s
size; the particle’s size may have an influence on the chemical bonding and the block-
ing temperature of the superparamagnetic effect [Tadic et al., 2014]. Tadic et al. [2014]
displays the magnetic behaviour of Vogel-Fulcher’s law and the Langevin function
equation 2.1.1:

M = MS(coth

(
mpH

kBT

)
− kBTmpH) + χH. (2.1.1)

Where χ is the high-field susceptibility, kB is the Boltzmann constant, MS is the
magnetic moment at saturation, mp the magnetic moment of the particles. The mean
magnetic particle size can be estimated from the magnetic moment, mp = πd3Ms/6

[Tadic et al., 2014]. Goveas et al. [2015] compared the bulk and nanoparticle and con-
firmed that the ferromagnetism of the bulk compound originates from the superex-
change between the molecules while the nanoparticles material’s ferromagnetism orig-
inates from uncompensated spins at the surface.

2.1.1 Hamiltonian

The Hamiltonian of a 3-dimensions bulk material can be written as equation 2.1.2
[Deng et al., 2005]:

H

kBT
= −K

∑
ij

(b)SiSj −H
∑
k

(b)Sk −K1

∑
⟨pq⟩

(b)SpSq −H1

∑
r

(S)Sr. (2.1.2)
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Where S is a unit vector of number component n. K parameter is the strength
coupling the nearest neighbour in the bulk. H and H1 represent the induced magnetic
field. K and H are characterising the bulk and H1 the surface layers. The first two
summations in equation 2.1.2 represent the effect of the bulk material and the other
two the spin orbit interaction. In a ferromagnet both K are positives.

The Hamiltonian is most of the time based on the minimum energy principle, the
most stable Hamiltonian written is the one allowing to minimise the magnetic energy.
This leads to interactions between near-neighbours to align themselves or be opposed
at 180° [Goldman, 2012]. Hamiltonians were used in this thesis to explained the ab-
sence of short magnetic range interaction in the films modified by ion implantation.

2.1.2 Heisenberg 3D model

The Heisenberg model is generally described as quantum of electron spin responsible
for the magnetic transition a material undergoes. This is based on statistical mechan-
ics. The Heisenberg model is an approximation solution to the random field strength
system.

The Ising theory can be compared with the Heisenberg model in one dimension
[Malozemoff, 1988]. While the Ising model is mainly driven by the anisotropy energy,
this is not the case for the Heisenberg model [Malozemoff, 1988]. The energy per unit
volume in the Heisenberg model can be written as equation 2.1.3 [Malozemoff, 1988]:

W ∝ − f

ld/2
+

1

l2
. (2.1.3)

Where l the domain size is smaller than δ the domain wall width. δ is proportional
to
√

A/K/a [Malozemoff, 1988].

The analysis is valid for a smooth sample, however the case where the bulk ma-
terial is rough is closer to reality. The roughness is represented by the domain’s centre
wall to bow with an amplitude W caused by an excitation at a wavelength.

The Heisenberg model, in the rough bulk, is a nonlocal energy exchange. The
bowed centre of the wall domain may be well defined with a first order approximation.
In this model, the electron spin located further away from the centre of distortion may
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not rotate as those spins can take part in a cancelling effect resulting in spin pressure
affecting a different area of the domain wall. The rotation effect caused by the bow
shape is limited to the distance b from the centre of the bowed area. This model could
explain the spin canting seen in BiFeO3. The derivative analysis of this case leads to
equation 2.1.4:

W

L
∝ f

(
b

4−d
2

a

)
. (2.1.4)

The Heisenberg model has a critical dimensionality of 4 to explain the physics
inside the domain and domain wall magnetic energy. For a weak random field f and at
dimensions greater than 4, a large regular domain will be visible. This approximation
reaches the infinite domain calculation as b → ∞ so W/L → 0. This is a limit of the
Heisenberg model that can be avoided by using the Ising model, at those limits. In
the case where the dimensionality is less than 4 and η is greater than 2 and knowing
the scale b/a is less than δ in the Heisenberg area, in equation 2.1.4 could conclude
to fδ(4−d)/2 < 4/d. This shows that the domain size is proportional to W/L meaning
if the domain size is reduced, so is the energy of the domain. Other conditions like
dimensions 2 and η = 2 show a moderate distortion in the domain shape while the
Ising model for η < 1 is to be circular, this can lead to the extrapolation of the limiting
condition where the domain should be roughly circular.

The Heisenberg model for the antiferromagnetic material should be taken with
caution as the analysis requires several assumptions that could be misleading. Us-
ing cylindrical domain, as required, to simplify the 3-dimension equations for the ex-
change of anisotropy, leads to an upper critical antiferromagnetic film thickness [Mal-
ozemoff, 1988]. While Malozemoff [1988] concludes an expansion of the domain size
could create a limit to those cylinder domains, a thick antiferromagnet would not have
exchange anisotropy energy. This model was used in this thesis to explained the mag-
netic domain seen in magnetic force microscopy.

2.1.3 Antiferromagnetic order

Antiferromagnetism is a magnetic ordering created by antiparallel electron disposi-
tions of the nearest neighbours, alternating spin up and down in a regular pattern
[Goldman, 2012]. The antiferromagnetic order exists at temperatures below the Néel
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temperature. This order is broken down at temperatures above the Néel temperature
where materials can become paramagnetic [Néel, 1949]. Without an applied magnetic
field, the antiferromagnetic material would display an absence of net magnetic mo-
ment, a magnetic moment of 0 µB. While applying an external magnetic field, one
of the spin orientations might increase the magnetic strength, leading to a net weak
magnetic moment. Like the α-Fe2O3 hematite, the antiferromagnetic behaviour can be
modified by spin canting. The magnetic ordering and the applied magnetic field may
create a preferred orientation leading to a canting of some spins, some electron spins
are no longer oriented at 180°, however they might vary a few degrees from that 180°
value. The canting will result in a small net magnetic moment [Goldman, 2012; Lieb
et al., 1961].

Néel discovered, at low temperature, antiferromagnetic alloys follow the Curie-
Weiss law equation 2.1.5a [Goldman, 2012]. The Curie-Weiss law is applicable to para-
magnetic material where the general formula is equation 2.1.5b [Levy, 1968]:

χ =
µ0µ

2
B

3kB
Ng2J

J + 1

T + θ
, (2.1.5a)

χ =
µ0µ

2
B

3kB
Ng2J(J + 1). (2.1.5b)

Where θ is an experimentally determined constant and TN is the Néel temper-
ature [Goldman, 2012] and kB is the Boltzmann constant, g is the Landé factor, µB

is Bohr magneton and J is the quantum angular momentum [Levy, 1968]. From the
equation 2.1.5a, the magnetic susceptibility is maximum around the Néel temperature.
A linear extrapolation of the relation 1/χ in function of the temperature will display a
negative slope value or negative Curie point [Goldman, 2012]. This leads to postulate
the neighbouring spins are antiparallel. At low temperature, the negative exchange
blocks the paramagnetism seen in most magnetic material, however as the temper-
ature increases the exchange interaction weaken and the paramagnetic behaviour is
reached. This transition happens at the Néel temperature [Goldman, 2012].

The oxide materials, like the ferrites, have their magnetic ions located in the inter-
stices, to explain the antiferromagnetic behaviour, this leads to Kramer’s postulate of
mechanism of metal ions exchange with oxygen, indirect exchange is named superex-
change [Goldman, 2012]. In the superexchange theory, an oxygen atom creates a bond
with a metallic ion where their spins align in antiparallel disposition. They leave the
other oxygen electron free to pair with another metallic ion, as the two electron spins
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in the oxygen are antiparallel, this forces a preferred spin orientation on the metallic
ion. The oxygen acts in a similar fashion to a chain by creating a linked to two near-
est metallic ions [Goldman, 2012]. This explains the stability of the two metallic ions
with antiparallel spin. Another explanation was formulated by Zener, the double ex-
change. In this model, the electron spin of multiple valencies are exchange, leading to
Fe2+ − O − Fe3+ becomes Fe3+ − O − Fe2+ [Goldman, 2012].

Other interaction models are possible like the Ising model; the sum of the nearest
pair is negative, geometrical frustration; the crystal geometry might force a magnetic
ordering of the spin, the model is often a competition between a ferromagnetic and
antiferromagnetic state [Wannier, 1950].

An Antiferromagnetic and a ferromagnetic material can be couple through an ex-
change bias mechanism. The ferromagnetic layer will align their magnetic domains
with the antiferromagnetic layer; this is a property used in spin valve devices, a mag-
netic sensor device. The Néel temperature is still indicative of the transition from an-
tiferromagnetic to paramagnetic, around or below that temperature the interaction be-
tween the two layers is modify and resulting in a blocking temperature. Synthetic anti-
ferromagnetic materials are often made from layers of ferromagnetic and non-magnetic
materials [Forrester and Kusmartsev, 2014].

2.1.4 Superparamagnetism

Superparamagnetism is a magnetic state present in some nanoscale materials that are
ferro- or ferri-magnetic [Müller et al., 2006]. The small size of the material and the
temperature causes the magnetic moments of some particles to randomly flip. If the
magnetisation measurements are taken at intervals greater than the Néel relaxation
time (τN = τ0exp(KV/kB}T ); where τ0 is the material’s characteristic time length, K is
the magnetocrystalline anisotropy energy, V is the volume of the sample and T is the
temperature), the magnetisation averages to zero under zero applied magnetic field
at a temperature that is sufficiently higher than the blocking temperature. The rem-
nant magnetisation will also relax to zero over a long enough time scale. Superpara-
magnetism is a competition between the thermal energy and the magnetocrystalline
anisotropy energy (KV ) of the nanoparticle. At high temperatures, when the thermal
energy exceeds KV , the spins will randomly flip. However at low temperatures, when
KV is greater than the thermal energy, the material exhibits hysteresis and remnant
magnetisation [Nadeem et al., 2011].
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2.1.5 Blocking temperature

The blocking temperature can be taken as an estimate of where the thermal energy and
the anisotropy energy are equal. For low magnetic nanoparticle concentrations, the
blocking temperature, TB can be written as equation 2.1.6 [DiPietro et al., 2010]:

TB =
KV

25kB
. (2.1.6)

Where K is the magnetocrystalline anisotropy energy, V is the nanoparticle vol-
ume, and kB is Boltzmann’s constant.

Below the blocking temperature the spins are forced along the “easy” anisotropic
axis. While above that temperature, the thermal energy frees the spins from their
anisotropic axis and particles enter the superparamagnetic state [DiPietro et al., 2010].

2.1.6 Exchange bias and domain wall

To minimise the magnetostatic energy domains are formed. The macroscopic scale of
the sample might show one magnetic domain under specific condition at first, how-
ever to reduce the magnetic energy the sample could be separated in domains, i.e. two
ferromagnets with an orientation of 180° of each other. Those ferromagnets could be
split into more than two domains. Those two domains can then be split again until
the system requires more energy to form new domains. After the nth division of the
domain, the total energy of the structure will be 1/nth the energy of the single do-
main structure. In general, magnetic domains contain about 1012 to 1015 atoms and
their dimensions are in the order of microns (10−6 m) [Goldman, 2012]. Impurities,
non-magnetic elements, grain size and defects can also locally influence the domain
structure [Goldman, 2012].

In magnetic ordered materials, magnetic moments are often measured at a low
value as those materials will have a “domain formation” reducing the measured mag-
netic moment [McElfresh, 1994]. The minimum energy configuration in a sample is
formed when the magnetic moments form magnetic domains, not necessarily when all
the magnetic moments are aligned. Instead of the entire sample, those domains can
have different orientations and on the macroscopic scale could even cancel each other.
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On the other side, in a magnetic domain, all the moments are aligned in one direction.
The magnetic domains are not necessarily linked to the crystallographic domains, the
magnetic domains are only based on the electronic spin, not the structure, although
the crystal structure in some cases can enhance a preferred spin orientation like in
the case of the frustrated geometry as discussed in subsection Antiferromagnetic or-
der. The magnetic domains are only visible with magnetic imaging techniques [McEl-
fresh, 1994]. The domain walls are the perimeter of those domains, those walls are the
area where the magnetisation changes from one area to another. The irreversibility in
some ferromagnetic materials is caused by the movement of those walls in the material
[McElfresh, 1994]. The domain grows when an applied field provides a preference for
them, the selected domain will expand the domain borders, a visual representation can
be compared to a liquid spillage. To visualise a multiple domain size modification at
the same time this representation could be more accurately compared to multiple liq-
uid spillages at the same time. The territorial expansion of the preferred domain will
continue until all the domains are aligned parallel to each other or this propagation
could be limited by another external applied field. In the case where the entire do-
main forms only one domain for the entire sample, this does not mean that every spin
will be aligned with the applied field. Each crystal has their preferred orientation or
magnetic order that will try to follow a natural rest configuration. This phenomenon
is caused by the magnetic anisotropy; the crystal minimum energy requires a specific
magnetic order like antiferromagnetic or ferromagnetic. The magnetic saturation is
obtained when the magnetic domain is oriented parallel to the applied magnetic field
regardless of the preferred magnetic orientation [McElfresh, 1994].

The magnetostatic energy is the energy of demagnetisation and the energy re-
quired to align a magnetic pole in a specific orientation. MS is the saturation mag-
netisation and is one criterion to optimise the magnetic domain. A material of width
d, assuming the general formula, is calculated with equation 2.1.7 [Goldman, 2012].
The equation 2.1.7 confirms previous claim, smaller width decreases the magnetostatic
energy.

Ep = Constant · d ·M2
S. (2.1.7)

The preferred orientation comes from the angle of a spin-spin coupling between
two nearest neighbour spins [Cullity and Graham, 2009]. The modification of the spin-
spin orientation requires energy and increases the magnetic domain with an applied
magnetic field [Cullity and Graham, 2009]. In the case where the magnetic domains in
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a crystal align themselves with the crystal’s structure, this alignment is called the easy
direction while the hard direction is the case where the alignment does not follow one
of the preferred orientations. Magnetocrystalline anisotropy energy is the difference
in energy between the easy direction and the hard direction alignment or any other
direction [Goldman, 2012].

If the magnetic material is stressed, the orientation of their magnetic moment
will align with the direction of the stress. The magnetic moment may increase with the
stress resulting in a material expansion or the material may contract while increasing
the magnetic moment resulting in a material contraction with the stress. This property,
magnetostriction, is caused by incomplete orbital quenching and spin-orbit [Goldman,
2012]. Stress can come from mechanical and thermal origin.

The domain wall energy, the area where the magnetisation is gradually change
from the previous area to the next one, is proportional to the number of atoms con-
tain in that layer the magnetisation must change from the initial direction to the final
direction. The exchange energy in this transition layer is defined as equation 2.1.8
[Goldman, 2012]:

Ee =
kTC

a
. (2.1.8)

Where kTC is the thermal energy at the Curie temperature and a is the distance be-
tween the atoms. So, the exchange energy decreases with the width of the wall. In the
case of having an anisotropy energy, the energy of rotation required is equation 2.1.9
[Goldman, 2012]:

EK = kδ. (2.1.9)

δ is the thickness of the domain wall. In this case the increase layer also increases
the energy. The two effects, layer thickness and energy, are opposing each other. So,
the minimum energy will occur when respecting the equation 2.1.10, where ka is the
anisotropy constant [Goldman, 2012]:

EW = 2

√
kaTC

a
. (2.1.10)
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In each material, a few magnetic domain orderings can be present, from a totally
random ordering of the magnetic moment to antiferromagnetic to the saturated value
when the magnetic domains are reduced to only one magnetic domain in one preferred
orientation. The transition from demagnetized material to saturation will be similar to
Figure 2.1.2.

Figure 2.1.2: Magnetic domain modifications under an applied field, image based on Kittel
[2005].

The Figure 2.1.2 is the magnetisation curve, where the ratio M/H defines the
slope of the curve as well as the susceptibility χ of the material. The lower region of the
curve is called the initial susceptibility region where some domains are still able to flip
between available magnetic orientations. The second area of the curve is characterised
by an increasing number of irreversible domain wall movements, as the applied field
increases those domains are forced in one orientation. The steep curve is also caused
by a domino effect where the already aligned domains apply force to the domains that
are not aligned yet. The third section, flat line, is an indication of the amount of energy
required to rotate the magnetic orientation [Goldman, 2012].

2.1.7 Spin wave

The spin waves describe the minimum energy required to randomly flip a group of
electron or nucleon spins at once. Spin waves propagation links the magnetic spin
moments together. Spin waves are also known as magnons. To create a better visual
representation, phonons are the structural interaction waves propagating in a material
while the magnons are spin interactions propagating in a material. To solve the wave
propagation situation, the Hamiltonian is written as equation 2.1.11 [Ibach and Lueth,
2009]:
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H = −
∑
i

∑
δ

Jiδ · Si − gµBB0

∑
i

Si. (2.1.11)

The spin operators are represented as the Pauli spin matrices equation 2.1.12:

Sz =
1

2

[
1 0

0 −1

]
, Sx =

1

2

[
0 1

1 0

]
, Sy =

1

2

[
0 −i

i 0

]
(2.1.12)

A simplification in the writing can be achieved by using the spin reversal opera-
tors’ equation 2.1.13:

S+ = Sx + i · Sy =

[
0 1

0 0

]
, (2.1.13a)

S− = Sx − i · Sy =

[
0 0

1 0

]
. (2.1.13b)

The operators S+ and S− change the spin to “+” and “-”. If the spin is already
in the same state as the operator than the result would be zero i.e. S+|+⟩ = 0. The
operator Sz is unchanged, as described in equation 2.1.11.

The new operators can rewrite the Hamiltonian with the nearest interaction cou-
pling J , equation 2.1.12 becomes equation 2.1.14:

H = −J
∑
i

∑
δ

Sz
i+δ +

1

2
(S+

i S
−
i+δ + S−

i S
+
i+δ). (2.1.14)

In a ferromagnet, J is positive, the eigenstate would be, equation 2.1.15:

|k⟩ = 1√
N

∑
j

eik·rj | ↓j⟩. (2.1.15)

In the example of the equation 2.1.15 the state | ↓j⟩ was assumed by Ibach and
Lueth [2009]. In this system, the eigenvalue of Sz

i and (Sx
i )

2 + (Sy
i )

2 are conserved
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while the Sx
i and Sy

i are zero. This implies a precession of the spin around the z axis.
The phase shift between the spins is determined by the vector |k⟩, equation 2.1.15.

By applying the Hamiltonian to the vector |k⟩, E ≈ E0 + 1/2J
∑

δ(k · rδ)2. This
implies a proportionality between the energy required to flip a spin and the k. The
magnetisation also depends on the thermal energy as shown in the equation 2.1.16
[Ibach and Lueth, 2009]:

M = MS − 1

2
gµB

1

V

∑
n(k). (2.1.16)

Where n(k) is the number of excited spin waves with the wave vector |k⟩. With
several assumptions, like assuming the Hamiltonian is a linear operator and assumes
a supportability of wave vector, the energy could be written like a harmonic oscillator.
The thermal energy on the system should follow the Bloch law where the magnetisa-
tion is of the order of T 3/2 [Ibach and Lueth, 2009]. The spin wave mechanism can be
an important energy loss in a system.

2.1.8 Spin glass and spin disorder

A spin glass is a material with disordered magnetic moments, spins are not aligned in
any regular pattern. The magnetic mapping of the material is amorphous like a glass
structure. A spin glass material has approximately the same amount of ferromagnetic
and antiferromagnetic bonds. This arrangement can lead to geometrical frustration
discussed in the subsection Antiferromagnetic order, this could also lead to multiple
stable geometrical configuration. The mean field theory is based on short range interac-
tion, spin disorder that explains iron based material magnetic properties, the Edwards-
Anderson model is based on the mean field theory [Binder and Young, 1986]. A critical
temperature separating the spin glass behaviour and the other more stable, minimum
energy system such as paramagnetic, magnetic state is observe. Above that tempera-
ture the thermal energy is providing the energy to randomly flip the spin so the system
tries to recover the minimum energy alignment. Below that critical energy the mate-
rial does not have enough energy to flip spins that are not aligned with the field or
a relaxed state, instead the material “froze” in the current state. Cooling the material
with an applied magnetic field will follow the Curie’s law, equation 2.1.17 [Griffiths
and College, 1999]:
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M = C
B

T
. (2.1.17)

Where M is the magnetisation, B is the magnetic field, T is the temperature and
C is the Curie constant. When the sample reaches the critical temperature, this sample
becomes a spin glass material and does not follow Curie’s law, equation 2.1.17, above
the threshold temperature the material behaves like a paramagnetic material while
below that temperature the spin “freezes” in the material. Cooling down the material
induces almost no magnetisation modification after reaching the critical temperature.
A remnant magnetisation is measured when the external magnetic field is removed,
allowing the spin glass spins’ disposition to relax. The magnetisation decrease rapidly
to the new lower value.

When the magnetisation approaches zero, losing magnetisation moment takes
more time. The lost is not following an exponential decay rate anymore. This phe-
nomenon is observed only in spin glass materials [Joy et al., 1998]. Joy et al. [1998]
have recorded this phenomenon in time frames of days.

The main difference between spin glass material and other orderly magnetic ma-
terials is decay rate after removing the magnetic applied field. The spin glass may take
days to reach a zero magnetisation while ferromagnetic material will maintain a pre-
ferred magnetic orientation if the material is not disturbed. A paramagnetic material
has a magentic decay rate almost exponential. One model to explain the spin glass
behaviour is the Edwards-Anderson model. This is a functional model at dimensions’
d assuming interaction only with the nearest neighbours [Nishimori, 2001]. Sherring-
ton and Kirkpatrick model is based on the symmetry and replication of spin interac-
tion systems according to the long range Ising model for the frustrated ferromagnetic
and antiferromagnetic coupling. Sherrington and Kirkpatrick model describes well the
slow process involved in the spin glass material. The main comparison between this
model and the Edwards-Anderson model is that Sherrington and Kirkpatrick consider
every spin interaction, not only the nearest neighbours [Boettcher, 2005; Sherrington
and Kirkpatrick, 1975]. The infinite-range model considers the spin interaction with
a distance r, when r ≤ N , N represent the number of spin in the material and the
range of the interaction leans toward infinity, r → ∞. This is a generalization of the
Sherrington-Kirkpatrick model. The range of spin interaction is infinite [Kirkpatrick
and Sherrington, 1978].
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2.1.9 Magnetic model

In a general analysis, the magnetic model in matter requires the Maxwell’s equation as
a reference. The interest of that is to observe the symmetry in between the electric and
magnetic field [Schwinger, 1969].

Charge quantisation is another magnetic model. This model treats the magnetisa-
tion element as quanta, for a non-relativistic particle with an electric charge and a mag-
netic charge moving in a static body. The motion result is presented in equation 2.1.18
[Schwinger, 1969]:

J = r × p+ S = L+ S. (2.1.18)

Where p and S are the combination involved in the momentum vector L. The
value of S and J provides magnetic ordering information [Levy, 1968]. This analysis
is use to identify some weakly order Fe3+ and Fe2+ [Levy, 1968].

2.1.10 Spin canting

Antiferromagnetic material can have a small magnetic moment even at low tempera-
tures, at 5 K, caused by a spin canting. Spin canting is the tilting of the spin, instead
of the two nearest spins being exactly antiparallel, they could be at an angle of 179° or
178° or even up to 160°. The tilting weakens the net magnetic moment in one of the
two directions while the other magnetic moment direction keeps the entire value. In
a perfect antiferromagnetic material, for example the up spin and down spin are both
having magnetic moments equal to 1 µB and they cancelled each other out at larger
scale. If the up spins are titled or some of the up spins are titled so the up spins will
generate a value of less than 1 µB in the up direction. If the value is 0.9 µB, the result is
a net moment of 0.1 µB in the down direction, as the down spins keep their magnetic
moment of 1 µB [Winpenny, 2012].

The spin canting arises from two opposing forces in a material. Isotropic ex-
change would reduce the system energy by aligning all the spins in the antiparallel
position, which is responsible for the antiferromagnet configuration. However, the
spin-orbit coupling would prefer to align the spins perpendicular to each other. The
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opposition of these two effects creates a small perturbation resulting as a tilting of
some spins. The strength of the perturbation varies in function of the relative strength
of these effects [Winpenny, 2012].

The antiferromagnetic spin tilted effect can be observed in α-Fe2O3 [Bhowmik
and Saravanan, 2010].

2.2 Multiferroics

Multiferroics are materials displaying multiple ferroics properties simultaneously. Fer-
roics properties include ferroelectricity, ferromagnetism and ferroelasticity. A prop-
erty of multiferroic materials is the ability to couple the electric and magnetic fields as
described in subsection 2.2.2. Some theoretical models explain the magnetic-electric,
electric-magnetic coupling and the multiferroics behaviour which are detailed in the
subsection Multiferroic model. Some models study the strain and displacement of
multiferroics like the oxygen octahedron in BiFeO3, subsection 2.2.4. A few materi-
als containing bismuth have intrinsic multiferroic properties, including BiFeO3 and
BiCrO3 [Murakami et al., 2006].

2.2.1 Ferroelectric

There are several mechanisms to explain ferroelectricity in multiferroics. Currently,
the main mechanisms are related to a lone pair of electrons, the geometry of the com-
pound, the charge ordering, magnetically driven source, and spin-spiral order. The
lone pair mechanism mainly describes ferroelectricity of perovskite materials (mate-
rials with an A2+B4+X2−

3 stoichiometry, like CaTiO3) [Wenk and Bulakh, 2004]. The
active lone pair between the cation “A” and the anion “X” in the s-orbital causes a hy-
bridisation of their p-orbitals. This hybridisation changes the geometry (by modifying
the centre of mass) of the atoms and creates the ferroelectric properties [Neaton et al.,
2005]. In other words, the stereochemically active Bi3+ 6s2 lone pair causes a Bi 6p
orbital to have an energy close to an oxygen 2p orbital. This leads to Bi 6p and oxy-
gen 2p hybridisation, which changes the geometry around the Bi atom and causes the
compound to be ferroelectric. The improper geometric ferroelectric property is related
to molecular geometry. This model is typically present in rare-earth manganite; where
high temperatures cause changes to the structure and properties of the compounds.
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For example, YMnO3 is ferroelectric at ambient temperature and paraelectric at tem-
peratures above 1270 K [Fennie and Rabe, 2005]. The phenomenon could be linked to
the phonon mode, however more research is required to confirm this [Fennie and Rabe,
2005]. The ferroelectric behaviour of h-RMnO3 is related to high temperature tilting of
the MnO6 octahedron. Charge-ordering leading to ferroelectricity can also occur in
mixed-valence compounds, or those with geometric or magnetic constraints. LuFe2O4

is an example of a compound featuring the mixed-valence Fe2+ and Fe3+ [Ikeda et al.,
2005]. Magnetically-driven ferroelectricity occurs mainly in insulating materials and
oxides. These materials require a macroscopic electrical polarisation field to induce
magnetic order [Cheong and Mostovoy, 2007]. Lawes et al. [2005] developed a sim-
ilar theory to Landau for explaining the impact of magnetic ordering on ferroelectric
properties [Landau et al., 1984].

Heating a ferroelectric material has a similar result to heating a ferromagnet when
reaching the Curie temperature. The Curie temperature happens when the thermal en-
ergy is sufficient to randomly change the electrical dipole, or magnetic spin in the case
for the ferromagnet’s orientation. This breaks the initial order created by the material
anisotropy, causing thermal destruction of the ferroic properties. Heating the mate-
rial may also lead to a change of crystal structure, the rhombohedral BiFeO3 becomes
monoclinic when heated to temperatures higher than 900 °C, however the new crystal
structure is not necessarily ferroelectric. At least one case of ferroelectric material near
the Curie temperature displaying an enhanced piezoelectric response was reported
[Wylie-van Eerd et al., 2010]. The Curie-Weiss law, equation 2.2.1, represents the gen-
eral dielectric constant of a ferroelectric or ferrielectric as a function of temperature:

ϵ = ϵ0 +
C

T − TC

. (2.2.1)

Where ϵ is the dielectric constant of the material, ϵ0 is the permittivity of free
space, C is the Curie-Weiss constant, T is the temperature of the thin film and TC is
the Curie temperature; the temperature at which the dielectric constant tends to be
maximum while the Curie point is defined by the temperature where a material loses a
ferroelectric or ferrielectric phase and piezoelectric response [Webster and Eren, 2014].
Often the Curie point is less than 10 °C below the Curie temperature [Webster and
Eren, 2014]. The ferroelectric Curie temperature of BiFeO3 is 1100 K [Spaldin et al.,
2010]. BiCrO3 displays a much lower temperature transition, as detailed by Niitaka
et al. [2004]. BiCrO3 has a dielectric transition, loss of ferroelectric behaviour, between
400 and 440 K. This dielectric transition could be caused by a phase modification of
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BiCrO3 (Appendix E) from orthorhombic to monoclinic [Niitaka et al., 2004].

2.2.2 Electric and magnetic coupling

Tian et al. [2014] have confirmed the electric and magnetic coupling in metal-organic
multiferroics by showing the magnetic field dependence of the dielectric constant. Be-
low the Néel temperature, the dielectric constant seems suppressed by the applied
magnetic field. This phenomenon is not seen above the transition temperature (TN ).
The electric field controlling magnetism effect is demonstrated by measuring the tem-
perature dependence of magnetic moment with and without an applied electric field.
Evidence of the influence of the electric field is shown in this experiment. Tian et al.
[2014] also did a 5 K magnetic moment measurement as a function of the applied mag-
netic field, the field was limited between 0.1 to 1 kOe. The measurements were car-
ried out with and without an applied electrical field and noticed a significant differ-
ence in the net magnetic moment. These confirm the magneto-electrical and electrical-
magneto coupling.

Ederer and Spaldin [2005b] uses BiFeO3 to prove a coupling of the magnetic order
and the ferroelectric configuration is possible. The Dzyaloshinskii and Moriya (DM),
the antisymmetric exchange model is assumed to discuss the BiFeO3 magnetoelectric
coupling [Ederer and Spaldin, 2005b]. The DM or antisymmetric exchange is based on
Landau’s theory [Moriya, 1960]. The antisymmetry exchange interaction comes from
the spin-orbit coupling written as equation 2.2.2 [Moriya, 1960]:

HDM = D⃗ij(S⃗i × S⃗j). (2.2.2)

Where i and j represent two neighbouring spins. The HDM is known as the
Dzyaloshinskii-Moriya interaction term. This interaction may be the source of weak
ferromagnetic or antiferromagnetic behaviour. The orientation of D⃗ij follows the sym-
metry limitation imposition [Moriya, 1960]. In the simple case where the two neigh-
bouring spins interact with each other by the presence of a chain link; a single ion, or
ligand D⃗ij is proportional to ri× rj . Where ri and rj represent respectively the distance
between the ligand and the spin i and the spin j [Keffer, 1962]. So, the tensor D⃗ij per-
pendicular to the plane composed of the two spins and the bonding single ion would
be zero if the trio form a line. This means to consider this phenomenon a 2-dimensions
based structure is required.
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This model is important in understanding the multiferroic coupling of electric
and magnetic fields. Displacing the ligand ion D⃗ij by inducing magnetic ordering is
possible as the materials enhance the magnetic interaction energy before the energy
cost for a stable structure’s stability. Under the right conditions, all the ligand ions
were displaced in one specific direction creating an electric polarisation [Cheong and
Mostovoy, 2007].

By neglecting the spin-orbit interaction in the DM interaction model, this results
in the absence of macroscopic magnetisation caused by the magnetic moment being
co-linear.

The reverse relationship, from the electric field to the magnetic field requires an
intermediary; the crystal structure. To understand the impact of the structure, the weak
ferroelectric behaviour is generated by the symmetry of BiFeO3. The structure is com-
posed of the superposition of the polar displacement of all anions and cation sublat-
tices and the antiferrodistortion originated from the oxygen octahedron rotation. The
rotation of the octahedron leads to the BiFeO3 R3c space group, while the Perovskite
rotation leads to the space group (Pm3m). The combination of both rotations lead to
the space group R3c; the multiferroic BiFeO3 structure. Ederer and Spaldin [2005b]
show the rotation of the octahedron is linked to the direction of tensor D⃗, leading to
the structure influencing the magnetic orientation of the crystal. BiFeO3 has the ability
under an applied electric field to switch between stable crystal states (e.g. rhombo-
hedral, monoclinic), some of those states are not ferroic while the R3c is multiferroic.
With multiple possible orientations, they can even cancel each other out and explained
the weak magnetic moment measured on BiFeO3 or this material’s antiferromagnetic
state [Ederer and Spaldin, 2005b].

2.2.3 Multiferroic model

Multiferroic models like the more general case of ferroic material, magnetically or elec-
trically ordered, have domains and domain walls. The particularities of the multifer-
roic domains are, for the intrinsic multiferroics, to couple the electrical and magnetic
ordering parameters. The coupling can modify the distribution or topography of the
domains which is only possible in multiferroic materials. The coupling domains are
generally homogeneous domains leading to the most significant information being in
some case the average net value of the domain, not actual single value of each param-
eter [Heron et al., 2014].
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An inhomogeneity of the domain in multiferroics materials may modify the mul-
tiferroic properties, creating some interaction that could weaken either the magnetic
or electric order. The dimension of the domain, the width of the wall and the sym-
metry of the wall can all be modified by the inhomogeneity of the wall [Seidel et al.,
2009]. Ferroelectric materials have a magnetoelectric interaction modified by the mo-
tion of the domain walls while multiferroic materials have a magneto-electrical cou-
pling both magnetic and electrical ordering could be disturbed by the domain wall’s
motion [Hoffmann et al., 2011].

Johnson et al. [2012] found in the case of the multiferroic CaMn7O12 that the elec-
tric polarisation is perpendicular to the helical magnetic structure. So, the multiferroic
behaviour cannot be explained with the DM model [Sergienko and Dagotto, 2006] or
dynamic spin interaction. The polarisation is within the spins rotation plane [Katsura
et al., 2005]. CaMn7O12 allows the magnetoelectric properties by ferroaxial coupling
[Johnson et al., 2012]. This explains other helical magnetic structured multiferroics.
The model is based on the helical magnetic structure equation 2.2.3 [Johnson et al.,
2012]:

P⃗z ∝ −ϵzzσA⃗. (2.2.3)

Where P⃗z is the polarisation tensor, ϵzz is the dielectric constant in the free en-
ergy, A⃗ is the homogeneous structural rotation axial tensor and σ is the helical mag-
netic structure’s chirality. A⃗ is assumed constant at a specific temperature, and σ =

rij · (Si×Sj). So, P⃗z is proportional to σ. In the mean-field approximation, P⃗z is propor-
tional to the temperature [Johnson et al., 2012]. In this model, the microscopic coupling
spin-dipole requires more investigations due to the complexity of the system. This cou-
pling could be caused by exchange striction with the charge ratio of Mn3+ over Mn4+

[Johnson et al., 2012].

There are a few models to explain the ferroelectric ordering in type-II multi-
ferroics. The spin current theory [Katsura et al., 2005] and the inverse DM model
[Sergienko and Dagotto, 2006; Mostovoy, 2006]; both explanations require the cycloidal
magnetic structure [Ribeiro et al., 2016]. While the spin-dependent metal-ligand hy-
bridisation [Arima, 2007] and the extended inverse-DM [Kaplan and Mahanti, 2011;
Johnson et al., 2011; Johnson et al., 2012] models do not require cycloidal structure.
Ribeiro et al. [2016] studied the delafossite compounds, like CuFeO2. The multifer-
roic behaviour is explained by spin-lattice coupling allowed in the structural symme-
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try. The spin-lattice coupling is possible by bi-quadratic symmetry and anti-symmetry.
With the symmetrical arguments, the variety of models to explain type-II multiferroics
and the presence of two types of polar magnetic order could explain the microscopic
multiferroics behaviour [Ribeiro et al., 2016].

In the analysis of spin canting, Kaplan and Mahanti [2011] modifies the DM
model by adding a few requirements. First requirement is symmetry; if the spin in-
teraction is from spin A to spin B providing the tensor D⃗ then the inverse; spin B to
spin A will result in the D⃗ in the opposite direction, -D⃗. The other symmetrical require-
ment is the mirror image of the transformation; any operation will have the same result
in the image coordinates. Unlike the Landau theory, the theory proposed by Kaplan
and Mahanti [2011] is propagated throughout the crystal regardless of the continuous
phase transition of the material. In the specific case of a 3-dimensional antiferromag-
netic material, the spins will align themselves antiferromagnetically at an angle of 120°
caused by the spin order and the threefold axis [Kaplan and Mahanti, 2011].

2.2.4 Strain, displacement and magnetic ordering

A way to increase the strain on a film is to grow a magnetoelastic material on a piezo-
electric substrate. The structural dimension of magnetoelastic material can be modified
by applying an external magnetic field. This will introduce other strain effects which
are transmitted to the piezoelectric layer and produce a polarisation in the substrate.
So, the polarisation can be modified by applying a magnetic field. The interface in this
scenario is responsible for the magnetoelectric coupling [Scott, 2007].

Another way to introduce strain is by doping a material, Schiemer et al. [2013]
has doped BiFeO3 with calcium to study the strain and oxygen vacancies created by
this ion. The Ca content causes sheer strain in the BiFeO3 rhombohedral proportional
to cosα, where α is the angle of the BiFeO3 rhombohedral [Schiemer et al., 2013].
Schiemer et al. [2013] shows a reduction of the sheer strain with increasing Ca con-
tent at ambient temperature. The modification of the magnetic structure modifies the
crystal structure, however the Néel temperature seems immune to those factors in Ca-
doped BiFeO3. The temperature maybe another factor to affect strain, between ∼650
and ∼800 K the rhombohedral lattice angle varies slightly [Schiemer et al., 2013]. There
is only a weak coupling of the magnetic order with the volume strain [Schiemer et al.,
2013]. The strain of BiFeO3 films are not sensitive to ferroelectric polarisation or the
oxygen vacancy [Ederer and Spaldin, 2005a]. The magnetic state modification from
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an antiferromagnetic ordering scheme to a weakly ferromagnetic is not linked to a
macroscopic transformation of strain or other order parameters [Schiemer et al., 2013].
However, this could be caused by a local heterogeneous strain for a slightly Ca-doped
BiFeO3. The doping may suppress the coupling between the gradients of magnetic
order [Schiemer et al., 2013]. Oxygen vacancies gain mobility through the thermal en-
ergy. Those vacancies have a variation in their relaxation time caused by electric and
stress fields [Schiemer et al., 2013].

The Curie temperature and spontaneous polarisation can be influenced by the
strain effects Choi et al. [2004]. BiFeO3 is likely to have a thickness inversely pro-
portional relation with the strain of the thin film crystal [Ederer and Spaldin, 2005a].
Other reports confirm the ferroelectric polarisation in BiFeO3 is weakly dependent on
the strain in comparison to conventional ferroelectric materials. The dependence is too
weak to explain the polarisation variation reported in thin film samples. Magnetisa-
tion is also weakly dependent on the strain. This dependence is caused by the ionic
stability of the BiFeO3 structure, where only small variations occur with the ionic shift,
while the lattice parameter undergoes a strain effect [Ederer and Spaldin, 2005a].

BiFeO3 displays a neglectable relation between the ferroelectric polarisation and
the oxygen vacancies due to the high stability of the ferroelectric order in the crys-
tal [Ederer and Spaldin, 2005a]. However, oxygen vacancies can lead to some mag-
netic modifications depending greatly on the position’s vacancy [Ederer and Spaldin,
2005a]. The oxygen vacancies create Fe2+ ions, iron ions are known to be magnetically
ordered while under an applied field. The charge differences through the different iron
sites are small [Ederer and Spaldin, 2005a].

ϵ =
ahex

ahex,0
− 1. (2.2.4)

Equation 2.2.4 is the definition of the strain in BiFeO3. Where ahex,0 is the corre-
sponding lattice constant for the unstrained system [Ederer and Spaldin, 2005a]. The
small strain effect on the polarisation can be seen in equation 2.2.5 [Ederer and Spaldin,
2005a]:

PS(ϵ) = PS(ϵ = 0) +
1

V (ϵ)

∑
i

Zi(Ri(ϵ)−Ri(ϵ = 0)). (2.2.5)

Where Zi is the charge associated with ion i, Ri(ϵ) is the corresponding strain de-
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pendent ionic position, V is the unit cell volume; the volume is also strain dependent,
and the sum extends over all ions in the unit cell. This result is comparable to other
models studying the stain-polarisation dependence.

The weak strain-ionic displacement dependence can be explained by the high
Curie temperature and BiFeO3 as a ground state R3c of ∼0.25 eV per formula unit
while the centre symmetry structure R3c has a ground state of ∼1 eV. The stability
and energy difference prevent the structural modification. The other idea to explain
this stability would be to assume that the lone pair, responsible of the ferroelectric
order, is inert. Generally, in Perovskite materials the ferroelectric stabilisation is caused
by a charge transfer from the oxygen. The charge transfer could be reacting more to
the bond length then to the charge. The oxygen octahedron could be responsible for
stabilising the ferroelectric and limiting the strain induced displacement [Ederer and
Spaldin, 2005a].

Ederer and Spaldin [2005a] displayed the effect of growing BiFeO3 on a substrate
oriented ⟨001⟩ and as they expected the BiFeO3 grown is monoclinic. With a “thin film”,
the orientation of BiFeO3 tends to align with the substrate, toward the ⟨001⟩ direction
[Ederer and Spaldin, 2005a].

The oxygen vacancies do not explain the modification of the observed magneti-
sation. As the DM model is involved and this model is strongly influenced by the
structure. This implies that the vacancies create enough perturbation to modify the
DM model significantly [Ederer and Spaldin, 2005a].

2.3 Properties and crystal structure of BiFeO3

Recently, the most studied multiferroic material has been bismuth ferrite (BiFeO3; of-
ten called BFO), as bismuth ferrite was the first material to show multiferroic behaviour
at ambient temperature [Heron et al., 2014; Wang and Nan, 2006]. This material dis-
plays antiferromagnetic and ferroelectric properties at ambient temperature [Catalan
and Scott, 2009]. Bismuth ferrite can reversibly transfer information from the magneti-
sation domain to the electrical domain [Murakami et al., 2006].

The unique electrical and magnetic properties of multiferroics creates numerous
potential applications; for example, multiferroics could be use in a spin valve device
[Dho and Blamire, 2009]. A spin valve device uses the antiferromagnetism of BiFeO3
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to control the magnetisation of a layer of ferromagnetic material via an exchange bias,
leading to unidirectional anisotropy [Dho and Blamire, 2009]. BiFeO3 is also an inter-
esting material for developing the next generation of solar panels as this material has a
low direct band gap (2.667(5) eV, 465 nm) [Yang et al., 2010b; Basu et al., 2008], and ex-
cellent photovoltaic properties [Sando et al., 2013]. Although, the competition is strong
in this field of research.

Despite the wide potential applications, much of the research on BiFeO3 has been
focused on developing fast, low energy and non-volatile magnetoelectric random-
access memory (MeRAM). MeRAM takes advantage of the BiFeO3 exchange bias mod-
ification caused by an applied electrical field. By changing the exchange bias, the mag-
netisation switches in the adjacent magnetic layer, making reading data easier [Gajek
et al., 2007]. MeRAM combines the advantages of ferroelectric RAM (FeRAM); fast
reading, high-density information and low power, with the non-destructive reading ca-
pability of magnetic RAM (MRAM). To identify the next generation of nano-materials
for MeRAM, identifying materials with exchange biases that can reversibly exchange
information from electrical polarisation into the magnetisation domain without modi-
fying the original data is critical.

BiFeO3 ferroelectricity is caused by the lone pair hybridisation, the magnetism is
caused by the presence of localised electrons, mostly in the partially filled d or f shells
of Bi ions which have a corresponding localised spin or magnetic moment [Khomskii,
2009]. The coexistence and interaction of the magnetic and electric ordering originates
from the rotation of the Oxygen octahedral [Khomskii, 2009].

Figure 2.3.1: BiFeO3 unit cell
Naganuma [2011].

BiFeO3 is ferroelectric below Tc ∼1100 K and an-
tiferromagnetic up to TN ∼650 K [Wang and Nan,
2006]. The weak ferromagnetism state of BiFeO3 oc-
curs only at low temperatures depending on how
this material has been prepared. The weak ferromag-
netism is also related to the antiferromagnetic proper-
ties, under certain condition the spins in the material
are canting, showing behaviour similar to an antifer-
romagnetic material [Wang et al., 2006]. BiFeO3 has a
distorted rhombohedral structure, Figure 2.3.1, with a crystallographic symmetry of
3m [Wang et al., 2006]. The theoretical rhombohedral R3c BiFeO3 density is 8.02 g/cm3

[Jain et al., 2013]. The ferroelectric properties are related to the 6s lone pair of the Bis-
muth atom [Priya et al., 2007]. BiFeO3 has been extensively characterised. Despite
the wide range of studies performed on BiFeO3, there is still a wealth of opportunities
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for further study. For example, attempting to synthesise BiFeO3 using ion implanta-
tion and sputtering, studying the doping effect of ion implantation and studying a
multiferroic material at the nanoscale, are all novel research avenues. Because of the
extensive work on BiFeO3, new studies are focused on comparing BiFeO3 with other
Bi-containing perovskite compounds (e.g. BiCrO3 and Bi2FeCrO6).

Several issues have caused setbacks in the development of new technologies us-
ing BiFeO3, like problems with leakage current and BiFeO3 low resistivity at ambient
temperature [Awan and Bhatti, 2011]. Cr-doped BiFeO3 is one of many proposed solu-
tions to improve issues related to leakage current [Lee et al., 2007; Das et al., 2006], and
Nb-doped BiFeO3 is proposed to improve the resistivity at ambient temperature [Jun
et al., 2005].

Some challenges arise with the synthesis of BiFeO3 like the crystal structure,
phase purity. The rhombohedral structure is essential to form multiferroic material
and secondary phases could results in stress and strain in the crystal. To address those
challenges, this thesis proposed to studied a new BiFeO3 synthesis technique, an ap-
proach by ion beam technology.

BiFeO3 is known to have a magnetic colloidal spiral magnetic structure with a
period of 620 ± 20 Å [Sosnowska et al., 1982]. Sosnowska et al. [1982] confirms the
G-type antiferromagnetic structure is not the complete magnetic structure for BiFeO3

as the method of analysis describes a vanishing of magnetic moment above the Néel
temperature. The G-structure of BiFeO3 includes a long-range modulation like the
spiral structure, the experiments are based on the assumption of a pure BiFeO3 film
without contamination. This requires satellite peaks associated with reciprocal lattice
vectors [Sosnowska et al., 1982]. Most spiral magnetic structures come from multi-
ple simultaneous magnetic frustration, symmetry exchange interaction. In some case,
a one-dimension frustration between the nearest neighbour direction (NN) and the
next-nearest neighbour (NNN) is responsible for the spiral structure [Hase et al., 2011]
or the spiral magnetic structure could be explained by the competition between sym-
metric exchange and the Dzyaloshinskii-Moriya interaction [Hase et al., 2011]. To date,
the link between the ferroelectricity and antiferromagnetism properties of BiFeO3 with
the spin-spiral configuration of BiFeO3 requires further study to be established. How-
ever, BiFeO3 has a very long spiral period comparable to what can be found in metal
[Sosnowska et al., 1982].

The magnetic structure of BiFeO3 depends on the internal features of the mate-
rial and the synthesis technique [Sosnowska et al., 1982]. The magnetic features can be
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destroyed by adding impurities. While the magnetic structure is sensible to internal
stress, the magnetic structure is stable under an external applied perturbation. The
temperature, during the measurement, does not seem to cause modification in the pe-
riod of the spiral. With that established, an external field may slightly modifies the
spin structure but not enough to impact the spiral period or the domains’ orientation.

Secondary phases can be found in BiFeO3 thin film, e.g. iron oxides. The mag-
netite Fe3O4 is ferrimagnetic displaying the spin-wave-interaction with a Curie tem-
perature of 858 K. Magnetite has a Verwey phase transition ∼122 K and a magnetic
anomaly ∼250 K [Aragón, 1992]. Fe3O4 is a sensitive material to study, the metal-
oxygen ratio has an impact on the material properties, and a slight modification can
create sufficient perturbation to modify the spin ordering and interaction [Aragón,
1992]. Magnetite is a complete inverse spinal with net magnetic moment of 4µB cause
by the Fe2+ octahedron [Goldman, 2012].

The acoustic magnon of Fe3O4 can be written as equation 2.3.1 [Aragón, 1992]:

hω =
11

16
JABSA

SB1 + SB2

SB1 + SB2 − SA

k2a2. (2.3.1)

Where ω is the frequency; k is the spin-wave momentum; a is the cubic unit-cell
parameter. SA + SB2 − SA and SB1 represent the spin of Fe3+ in the tetrahedral and the
octahedral sites while SB2 represents the spin of the Fe2+ octahedron. JAB represents
the exchange constant between tetrahedral and octahedral sites. In this situation, SA =

2.5, SB1 = 2.5, SB2 = 2.

The magnetisation is theoretically given by the equation 2.3.2 [Aragón, 1992]:

Mz = Mz0(1−
0.05864

4
(SB1 + SB2

− SA))

(
16(SB1 + SB2 − SA)

kBT

11
JABSA(SB1 + SB2)

)3/2

.

(2.3.2)

Where Mz0 is the magnetisation at 0 K, the experimental uncertainty is around
∼5%. This leads to the heat capacity and the magnetisation being proportional to the
temperature to the power of 1.5, C∼T3/2 and Mz∼T3/2. The relation C∼T3/2 assume
the stoichiometry is respected through the analysis of the sample. The restriction on
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the equation 2.3.2 could explain the anomaly at low temperature. Those equations
expected a deformation, non-linearity, at a temperature T ∼ JAB/kB and JAB/kB ≈ 6 K.

The Verwey transition is based on the Ising model of the nearest neighbour and
lead to the transition temperature TV being develop as equation 2.3.3 [Aragón, 1992]:

TV = fraczJkB. (2.3.3)

Where z represents the number of nearest neighbours.

An approximation of the combination of the Ising model and the Heisenberg
model provide the equation 2.3.4 to determine the Curie temperature of Fe3O4:

TC
∼= 4

√
2JAB

kB

√
(SASB(SA + 1)(SB + 1)),

TC
∼= 45.2

√
JAB

kB
.

(2.3.4)

The Curie temperature is ∼850 K according to the equation 2.3.4. A challenge
arises when measuring that order of temperature for magnetite, as a prolonged heating
above ambient temperature will enhance the separation of Fe2O3 from Fe1−xO. The
result might end up measuring another oxide structure.

Heating magnetite (Fe3O4) in an oxygenated environment leads to the formation
of maghemite (γ-Fe2O3), equation 2.3.5 [Cullity and Graham, 2011]:

2Fe3O4 + 1/2O2 → 3Fe2O3. (2.3.5)

Maghemite is a ferrimagnetic semiconductor with a Néel temperature of 610 K.
γ-Fe2O3 is magnetically ordered with an inverse spinel structure and vacancies at the
octahedral sites [Nadeem et al., 2011]. The spinel ferrite structure is composed of oxy-
gen FCC-lattice, the cations are separated in tetrahedral, site A, and octahedral, site B.
The A and B site spins are antiparallel to each other. The ion Fe3+ is found on both the A
and B site. Maghemite has the required conditions to experience spin glass behaviour
[Nadeem et al., 2011].
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γ-Fe2O3 has a blocking temperature; a transition temperature where the spin no
longer aligns along the anisotropy easy axis. The blocking temperate of nanoparticles
varies in function of the environment and the particle interaction. Maghemite nanopar-
ticles could form a magnetic spin glass order caused by random freezing and frustra-
tion effects or they could condense into a superspin glass state caused by random
particle interactions. Maghemite is also known to be superparamagnetic [Nadeem
et al., 2011]. The blocking temperature for γ-Fe2O3 is reported to be around ∼50 K
[Nadeem et al., 2011]. Nadeem et al. [2011] describes spin glass freezing on the surface
of maghemite material. The theoretical model is visible on the zero-field-cooled, field-
cooled (ZFC-FC) technique and this model assumes an absence of interaction below the
blocking temperature. The reality is that there might still be some spin glass interac-
tions as the field-cooled (FC) measurement requires temperatures below the blocking
temperature to “freeze” the magnetic moment. To distinguish the superparamagnetic
effect from superspin glass, below the blocking temperature the FC curve continuously
increases while in the case of a superparamagnetic state FC is nearly flat in the case of
the superspin glass state [Sasaki et al., 2005]. A slight dip in the FC measurement can
be explained by spin glass and other particle interactions.

For maghemite single-barrier blocked particles follows equation 2.3.6. Where τ0

is the atomic time between two random spin flips, Ea is the thermal activation energy
and kB is the Boltzmann constant. τ0 and Ea/kB are parameter fit through experiment,
they are expressed in Kelvin.

τ = τ0 · exp
(

Ea

kB(T − Ta)

)
. (2.3.6)

The preparation of the maghemite sample might have an impact on the T0 as the
compacted sample has been reported to be 80 K while the powder was 46 K [Nadeem
et al., 2011]. The spins of an individual nanoparticle surface can undergo spin glass
state, like in bulk, a nanoparticle to achieve a spin glass freezing requires disorder and
frustration in the material. The surface spin glass is more evident for fine nanoparticles
due to an increased ratio surface to volume.
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2.4 Magneto-optic Kerr effect, MOKE

The magneto-optical Kerr effect (MOKE) is often compared to the Faraday effect, both
experiments describe the interaction of light with a magnetic material. The Kerr effect
studies the light passing through the magnetic material, while MOKE studies the light
reflected from the magnetic material. A reflected light can undergo polarisation and
intensity modification caused by the magnetic ordering of the interacting material. The
material dielectric tensor contains off-diagonal components resulting in a permittivity
anisotropy allowing a variation of the relative index, speed of light in material, in a
material with different light polarisations. The equation 2.4.1 displays the relation be-
tween the speed of light in a material, vp, and the electrical permittivity of that material
ϵ and the magnetic permeability µ [Griffiths and College, 1999]:

vp =
1

ϵµ
. (2.4.1)

Figure 2.4.1: MOKE modes, the blue arrows represent the incident and reflected light. The
black arrows display the magnetic polarisation of the material. From left to
right, the schematic describes the polar, longitudinal and traversal MOKE.

The equation 2.4.1 confirms the speed of light will vary with the light orientation
leading to fluctuations in the phase of polarised incident light. As seen in Figure 2.4.1,
the polar MOKE happens when the sample magnetisation is perpendicular to the sur-
face of the light reflection. This setup could be useful to analyse polar geometry. The
longitudinal MOKE requires the sample’s magnetisation to be parallel to the surface
of reflection. Both the polar and longitudinal MOKE results from a reflected light that
is not perpendicular to the incident light. Linearly polarised light would become ellip-
tically polarised. Elliptical reflection is made of two perpendicular electrical compo-
nents: Fresnel reflection coefficient, r, and Kerr coefficient, k. In general, k is smaller
than r. The transverse MOKE occurs when the sample’s magnetisation is perpendic-
ular to the plane of incidence and parallel to the sample’s surface. In this setup, the
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reflectivity, r, is measured instead of the Kerr or Fresnel coefficients. The reflectivity
is modified proportionally to the perpendicular part of the sample’s magnetisation. If
the source of light is traveling in the same direction as the perpendicular component
of the sample magnetisation then the reflected intensity would increase as the sum of
the Kerr and Fresnel amplitude vectors |r + k|2 while the antiparallel configuration
between the perpendicular sample’s magnetisation and incident light would result in
the subtraction of the Kerr and Fresnel amplitude’s vector |r − k|2 [Weinberger, 2008].
The MOKE setup requires a laser and a polariser to modify the light source polarisa-
tion to comply with the different MOKE modes available [Kennedy et al., 2012]. A
range of experimental configurations can provide an image map of the magnetic field
[Weinberger, 2008].

2.4.1 Verdet constant

Verdet constant is constant in function of the wavelength describing the Faraday effect
and the MOKE. In general, the Verdet value for most material is very small. This
constant is evaluated by equation 2.4.2:

V =
β

Bd
. (2.4.2)

Where β is the Kerr rotation, B is the applied magnetic field of 7.5 kOe in this
report, and d is the distance the light beam travel through the material which is the
thickness of the sample. Bi et al. [2008] has reported a Verdet constant at 1550 nm of
18±2 °cm−1 kOe−1, 0.31±0.03 rad cm−1 kOe−1. The exception confirming the rules
of a small Verdet constant come from NdF3 and Pr3, they are the compounds as of
today, that displays the strongest Verdet value between 200 and 600 nm. These com-
pounds are difficult to store and toxic. Finding another more stable and environment
friendly compound could increase potential applications. PrF3 has a Verdet constant
of -506 rad cm−1 kOe−1 at 460 nm and -524 rad cm−1 kOe−1 at 502 nm [Bi et al., 2008].
NdF3 has a Verdet constant of -297 rad cm−1 kOe−1 at 460 nm and -314 rad cm−1 kOe−1

at 502 nm [Bi et al., 2008]. To place these values in perspective, Fe2O3 hematite has
a value of 0.00175 rad cm−1 kOe−1 at 400 nm and 472 nm and 0.014 rad cm−1 kOe−1

at 535 nm [Guerreroa et al., 1997] and Fe3O4 has a value of 0.0026 rad cm−1 kOe−1 at
400 nm and 472 nm and 0.003 rad cm−1 kOe−1 at 535 nm [Lopez-Santiago et al., 2009].
Terbium gallium garnets are considered by some to have an “extremely” high Verdet
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constant, ∼ -1.34 rad cm−1 kOe−1 [Northrop Grumman, 2016]. The band gap structure
is visualise in the Figure 2.4.2.

Figure 2.4.2: Band gap structure of BiFeO3. Figure reproduce from Wang et al. [2009a].

2.4.2 Faraday effect

The Faraday effect is an interaction of light with a magnetically ordered material. As
light passes through the sample, the magnetic medium generates a rotation of the light
polarisation. If the incident light is linearly polarised and composed of a left and right
circular polarisation, the speed of light in the left polarisation would be different to the
right and thus result in the rotation of the linear plane polarisation [Prati, 2003].

As mentioned in the previous paragraph, linear polarisation is composed of su-
perposition of light polarised right and left circularly. The electric field’s rotation fol-
lows a specific frequency and creates a circular polarisation. Within matter, this field
applies a force which charges particles. The electron is most affected as the electron
mass is low, resulting in a motion of the electrons that creates an internal magnetic
field. If the internal field is parallel to one of the circular polarisations, this will en-
hance the rotation of one of the polarisation components and reduces the rotation of
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the other polarisation. This shift of the light rotation in the sample results in a new
linear polarisation angle. To see if the left or right polarisation is more affected would
requires a detailed analysis of the refractive index of each polarisation of the sample
[Prati, 2003].

The Faraday rotation is characterised by the Verdet constant equation 2.4.2. A
positive or negative Verdet constant means a left-rotation or right-rotation, respectively
[Kales, 1953]. If the light passes through and is then reflected, the rotation angle double.

2.5 Synthesis and preparation

The main BiFeO3 nanostructure film synthesis technique reported in the literature are
pulse laser deposition and sol-gel. Both deposition techniques, in the literature, are
followed by an annealing at temperature above 450 °C, however most report suggest
BiFeO3 forms above 500 °C or 600 °C [Jia et al., 2009; Popa et al., 2007; Chen et al., 2012;
Park et al., 2007; [Liu et al., 2011]; Zavaliche et al., 2006; Kumar et al., 2010; ZHANG
et al., 2006]. The annealing is carried out to reduce the quantity of secondary phases,
however during that process the particle grain size increases significantly. The increase
grain size reduces some magnetic properties e.g. superparamagnetism. Annealing
does not remove all the undesired secondary phases in the films. Sol-gel approach
has the advantage to produce an important quantity of samples per recipe, while this
synthesis technique has the inconvenient to require an annealing or heating for up to
24h at temperature up to 1200 °C, which can be a risky enterprise with some toxic
chemical and acids [Qi et al., 2004].

The state of the research of BiFeO3 synthesis is summarises in the Table 2.5.1.
BiFeO3 thin film synthesis by ion beam sputtering was achieved for the first time in
this study. Table 2.5.1 displays a direct comparison between common synthesis BiFeO3

techniques and ion beam sputtering.
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Table 2.5.1: BiFeO3 synthesis: literature data compared with ion beam sputtering data.

Sol-gel PLD IBS
Structure Nanostructure1-2 Nanostructure6 Nanostructure
XRD Rhombohedral2 Rhombohedral6 Rhombohedral,

R3c
Nanoparticle
size

26-120 nm1

7-11 nm2

∼100 nm7 ∼30 nm
Average surface
roughness ∼25 nm

Band gap 2.4-2.8 eV3 2.68 eV8 2.7 eV
Magnetic
moment

0.02-0.1 µB
4 0.06-1 µB

7 0.44 µB (15 min,
anneal)
0.097 µB (7 hours,
anneal)

Superpara-
magnetic

TB∼50-200 K4 TB∼225-275 K9 TB∼150 K

Electrical order Ferroelectric5 Ferroelectric6 Ferroelectric
Secondary
phases

Bi2Fe4O9
1

Bi25FeO40
2

Bi2Fe4O9
10

Bi2O2.75
10

Iron oxides

Annealing
condition

450-650 °C1-5

1-3 hours
Deposited
at 670 °C6

600 °C, 2 hours8

450 °C10-11

500 °C in O2,
15 min

1Jia et al. [2009].
2Popa et al. [2007].
3Chen et al. [2012].
4Park et al. [2007].
5Liu et al. [2011].
6Zavaliche et al. [2006].
7Wang et al. [2003].
8Kumar et al. [2010].
9Raghavender et al. [2011].

10ZHANG et al. [2006].
11secondary phases present.



Chapter 3

Experimental setup

This chapter details the experimental setup, with the preparation of the substrate in
Section 3.1, the different synthesis techniques in Section 3.2, and the analysis technique
in Section 3.3.

3.1 Preparation of substrate

The selection of the substrate and the level of cleanliness are two aspects that need
careful attention to synthesis nano-BiFeO3 thin film. Different substrates can result in
different crystal structures due to lattice parameter and stress induced to deposited
thin film which can modify the material properties [Chu et al., 2007b]. BiFeO3 has dif-
ferent crystal configuration showing different magnetic properties. The cleanliness of
the substrate is important to improve the likelihood of quality film deposition, limit-
ing the probability of contamination. In the following sections, detailed information is
provided on the substrates selected and the cleaning procedure.

3.1.1 Selected substrates

The substrates used in this project are silicon dioxide films on silicon wafer, silicon
⟨111⟩ and optical grade silica wafer materials. The details of these substrates are pro-
vided in Table 3.1.1. Silicon based substrates were chosen for potential applications in
electronic and micro-electronics. The SiO2 layer on the substrate is form by thermally
oxidising the silicon substrate. Those substrates were used to deposit thin films and
implant ions for this project. The oxidised layer thickness, for practical reasons, varied
between 100 and 500 nm. The thickness variation of the amorphous layer is not influ-
encing the thin film formation [Tang et al., 2009], however this can depend on the dry
or wet etching techniques used. The 500 nm SiO2 on Si layer was the main substrate
used in this research. The main reason to choose a thick oxide layer was to facilitate the
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RBS analysis by displaying a clear SiO2:Si transition. The effects of the oxide layer’s
thickness have been studied and displayed no difference in the context of this work,
structure, magnetic ordering and electric properties are similar regardless of the SiO2

thickness, for a layer thicker than 100 nm as expected. SiO2:Si substrate were used for
almost every analysis a part from a few exceptions detailed next.

Table 3.1.1: Details of substrates studied.

Substrate Thickness of
the substrate,
SiO2:Si

Thickness
of the oxide
layer, SiO2

orientation Substrate
used in

SiO2:Si 260± 20 µm 500 nm n.a. Chapter 4, 5,
B.2 and Ap-
pendix D

Silica (optical
grade quality)

1± 0.5mm n.a. n.a. 4.3.6 and 4.6

SiO2:Si 650± 50 µm 100 nm n.a. 4.3.1, 4.3.4 and
Appendix E

Si 600± 50 µm n.a. 111 Chapter 5 and
Appendix D

SiO2:Si 525± 25 µm 400 nm n.a. Appendix E

The silica (optical grade quality) is pre-cut and sealed, so this substrate was as-
sumed to be clean and this silica was used as is from the manufacturer. The substrate
is square-shaped with dimensions of 1 cm by 1 cm and a thickness of 1 mm. These are
double side polished substrates, assumed to be perfectly uniform and ideal for opti-
cal measurement. The optical band gap, light absorption, magneto-optical Kerr effect
and magnetic circular dichroism were all measured using thin films deposited on silica
substrate.

Silicon substrates, without an SiO2 layer, with an orientation of ⟨111⟩ were used to
extend the analysis of implanted ions. The orientation of other well-studied substrates
generates enough strain or lattice miss-match to modify the BiFeO3 crystal structure
[Chu et al., 2007a].
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3.1.2 Substrates treatment

Each substrate used to synthesise nanoparticle thin films followed a rigorous cleaning
procedure. After cutting the substrate into the required shape and size, the pieces are
placed in a pressurized filtered air stream to remove any debris or dust that could con-
taminate the products. A drop of 5 mL Decon90 is added to a beaker of distilled water
and placed in an ultrasonic bath. The cut substrates are placed face-up at about 85°
relative to the surface. An angle is required to ensure that the liquid will not dry on the
substrate. After the first ultrasonic bath cleaning, the beaker is clean. The substrates are
placed as previously in the beaker with only distilled water for 3 cycles of ultrasonic
baths. Between each cycle the beaker is cleaned with distilled water. To avoid any wa-
ter contamination and potentially lengthening the time required to reach the necessary
vacuum pressure for deposition or implantation, the substrates are placed in an ultra-
sonic bath with isopropanol for two cycles. Isopropanol tends to react with water to
create another membrane that is easier to remove than water [Devi et al., 2005]. In the
final step, to ensure no trace of any product remains on the substrate, each substrate
is passed under compressed air. A visual inspection completed the quality test. Each
ultrasonic bath is carried out at ambient temperature for 5 minutes with about one
minute of relaxing time. This cleaning procedure was used for the BiFeO3 thin film
and implanted film characterised by AFM, TEM and Raman spectroscopy.

Another cleaning procedure was used for the BiCrO3 thin films and the BiFeO3

thin film analysed by the SQUID. For these films, the first step after cutting the sub-
strate is to remove debris with compressed air. The substrates are then placed in an
ozone cleaning chamber, the PSD Pro Series Digital UV Ozone system. The tempera-
ture in the chamber is held at 80 °C for 15 minutes, and then a cool-down period of
1 minute is applied. Before any synthesis technique is carried out, the sample are place
under compressed air treatment.

3.2 Synthesis techniques

Two synthesis techniques were explored, ion beam sputtering and ion implantation,
which are described in the next two sections. Both techniques, in the specific conditions
used, require a further step, namely, the annealing process, detailed in subsection 3.2.3,
to form a crystal or to transform oxide impurities into the desired nano-material. An-
nealing a sample introduces energy into the system to enable crystal formation [Fujii
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et al., 1991], increase the crystal quality and increase the concentration of oxygen in the
films [Johan et al., 2011]. Annealing can reduce the stress from the film by modifying
the material [Fu and Du, 2003].

3.2.1 Ion beam sputtering

Figure 3.2.1: Ion beam sputtering system in GNS Science. Schematic based on GNS Science
archive and modified to reflect the system in 2017 [Markwitz et al., 1992; Murmu
et al., 2012].

The ion beam sputtering system at GNS Science is a novel technique for making
thin films. A 20 keV Ar+ ion beam was used to deposit bismuth oxide, iron oxides
and bismuth ferrite oxides thin films at ambient temperature using a bulk BiFeO3 and
Fe3O4 magnetite target in a high vacuum (< 2×10−6 kPa). The Ar+ ion beam was
directed onto the sputtering target placed at 45° angle to improve homogeneity. The
films were deposited onto 100 and 500 nm, thermally oxidised, silicon dioxide (SiO2)
on a Si substrate mounted on rotating catchers. Target holder and catchers were rotated
in opposite direction to promote lateral uniformity of the deposited film.

Ion beam sputtering can be described in three main parts: 1) the Penning ion
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source, 2) the acceleration and focussing stage and 3) the sample chamber. The ion
source is based on the Penning ion source developed by Baumann [Baumann and
Bethge, 1974]. For this experiment, argon gas is used. Argon is a noble gas with high
sputtering yield [Wei et al., 1995] combined with an ionising cross-section that makes
Ar the most suitable gas for ion beam sputtering at 20 kV.

The ion source contains two cathodes, an anode and a solenoid magnet [Baumann
and Bethge, 1974]. Positively charged ions are generated in the plasma by electron in-
teractions. The solenoid magnet surrounding the plasma chamber induces a magnetic
field causing secondary electrons to spiral in the plasma [Markwitz, A, personal com-
munication, August 2017] and increases the probability to further ionise gas atoms
[Engström et al., 2000].

The second part of the system is the acceleration stage. Positive ions are accel-
erated by the terminal voltage toward ground potential considering that the anode
voltage is set to terminal voltage potential. The focus system has a series of two Einzel
lenses to focus the beam onto the target. To increase the sputtering yield, the lens sys-
tem was set to focus the beam on the target until the beam spot covers a large area of the
target. A large diameter beam reduces the depth of the sputter crater and effectively
uses the target.

The final part of the system is the sample chamber. The ion beam “sees” the target
when this ion beam arrives in the chamber. The beam will implant argon in the target
with enough energy to break molecular bonds in the near surface region, resulting in
sputtering atoms and molecular fragments from the target. Since the emission profile is
cone shaped, the target and the catcher rotate to allow uniform lateral deposition. The
catchers hold samples in place at an angle of 60° to improve the uniformity of the de-
position layer. Another important aspect is the quality of the cleaning; contamination
inside the surface of the chamber can increase the chance of depositing contaminants
in the synthesis material. To avoid this issue, pre-sputtering is required (sputtering
of 100-200 nm without samples to cover the chamber with molecules from the target).
The pre-sputtering masks contaminants that could be anywhere in the chamber and
limit the contamination.

To tackle contamination from oxygen, nitrogen, carbon, hydrogen and other
atoms, the system has a liquid nitrogen trap. Liquid nitrogen condenses water vapour
and other light elements at the cold trap inside vacuum.

The sputtering can be described as the erosion of a sample or target by an en-
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ergetic continuous outflow of particles [Nastasi et al., 2004]. Sputtering occurs when
an incident ion transfers more energy to the elements near the surface than the sur-
face binding energy of the target. The sputtering yield Y is defined in equation equa-
tion 3.2.1 by the ratio of emitted atoms over the incident particles [Nastasi et al., 2004],

Y =
number of emited atoms

number of incident particles
. (3.2.1)

The sputtering yield mainly varies as a function of the target material, ion species
and ion energy. The surface orientation may influence the sputtering cross-section, and
the incident particles beam sputtering efficiency – angular dependent sputtering [Nas-
tasi et al., 2004]. The sputtering yield can also be expressed by a material correction
factor multiplied by the energy deposited on the surface [Nastasi et al., 2004]. This def-
inition and equation 3.2.1 assume a uniform, mono-atomic sputtered target. Several
tables exist to demonstrate the theoretical calculation of mid-range ion beam energy
on a target of common periodic table elements [Andersen and Bay, 1974; Matsunami
et al., 1987]. Different elements in compounds or alloys might have different sputter-
ing yields resulting in a preferential sputtering. Preferential sputtering can modify the
target stoichiometry and explained the stoichiometry of the deposited films [Nastasi
et al., 2004]. In the case of BiFeO3, the sputtering yield is defined similarly to equa-
tion 3.2.1. However, the sputtering yield including bismuth, iron and oxygen can be
written as equation 3.2.2:

Y =
number of emited atoms, Bi,Fe,O

number of incident particles
. (3.2.2)

The individual sputtering yield of each element of BiFeO3 sputter target, equa-
tion 3.2.1, are different. At 20 keV, Ar+ sputters between 0.88 and 3.84 bismuth atoms
per argon ion [Deoli et al., 2014], between 2.1±0.3 and 3.7±0.5 iron atoms per argon
ion [Viefhaus et al., 1994] and more than 2 oxygen atoms per argon ion [Seah, 1981].
Equation 3.2.3 highlights the preferential sputtering:

YBi

YFe

= r
NBi

NFe

. (3.2.3)

where r is a sputtering factor, and NBi and NFe are the surface concentrations
of bismuth and iron [Nastasi et al., 2004]. The sputtering factor r varies as a function
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of the preferential sputtering yield, usually between 0.5 and 2 [Nastasi et al., 2004].
The sputtering yield experimentally measured for equation 3.2.3 suggests a r value
between 0.5 and 0.9 [Deoli et al., 2014; Viefhaus et al., 1994].

As the bulk target is made from a mix of bismuth oxide, iron oxides and bismuth
ferrite oxides, this can result in a non-stoichiometric deposited film due to localise area
with more iron or bismuth available for sputtering. While sputtering allows a mini-
mum of ion mixing, bond creation between sputtered ions and the substrate, the en-
ergy involved is too low to create bismuth ferrite only by ion beam sputtering [Zhang
et al., 2006]. As experimentally observed, synthesising bismuth ferrite by ion beam
sputtering requires annealing the thin film to change the crystal phase from amorphous
to nanostructured [Fruth et al., 2005]. Annealing is discussed in subsection 3.2.3.

Theories exist on the formation of thin films by ion beam sputtering. Those theo-
ries indicate that a material can reach a critical thickness where the film is a more or less
a uniform deposition (island formation) [Frost et al., 2004]. Annealing will improve the
uniformity of the sputtered layer, shown in Chapter 4, as annealing increases the mo-
bility of bismuth ions to form BiFeO3. The first elements to be sputtered may follow a
pattern, either a series of dots, a series of pits, or ripples [Carter, 2001; Valbusa et al.,
2002; Gailly et al., 2012; Feder et al., 2013]. Another theory is the continuum evolution
of the nonlinear equation of Kuramoto-Sivashinsky [Castro et al., 2005]. There are theo-
retical surface roughness models of ion beam sputtering. A study of silicon crystal and
nickel beryllium alloy is known to have a predicted roughness of Ra = 3.92 ± 24.58 d

and logRa = 1.65+2.028×10−3 V , where Ra is the average roughness, V is the terminal
voltage (keV) and d is the theoretical pixel spacing in mm [Ali et al., 2010].

3.2.2 Ion implantation

The second synthesis technique used in this study is ion implantation. This synthesis
technique was carried with a Penning ion source. Neon gas is used to sputter ions
from the source targets. The bending magnet provides a mass selection of the ions. Ion
implantation like ion beam sputtering are two ion beam synthesis technique [Wei et al.,
1995].

Ion implanters can be divided into three sections to facilitate the explanation of
the physics involved during ion implantation: 1) the ion source, 2) the accelerator
stage and 3) the target material. The source uses neon as tracer gas. Neon is a noble
gas that offer a good compromise between ionisation and sputtering yield. Cosmic
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rays create the first avalanche of electrons. The electrons travel from the anode to the
cathode ionising the plasma. The solenoid magnetic field applied by the surrounding
solenoid increases the travel length of the electrons by inducing a spiral trajectory.
The positively charged neon ions are accelerated toward the sputter targets, the anode
potential, leading to sputtering of the cathodes. Each end of the source has a sputter
target. A back target (a full disc located close to the source gas) and a front target (a
disc with a hole in the middle to allow the gas and the ions to pass through to the next
section of the system, located at the end of the ion penning source), provide the ions
of interest to be implanted. The extraction process is caused by the electrical potential
between cathode and anode and the acceleration potential (the source is placed at high
voltage while the other parts of the implanter at ground potential). This results in ions
to be accelerated at a select potential [Markwitz and Kennedy, 2005].

Figure 3.2.2: Ion implanter schematic, at GNS Science as of March 2017.

Bismuth ferrite implantation requires that the ions be implanted in a particular or-
der: iron first, then bismuth. Generally, the heavier ion is implanted first to increase the
stopping power of the material and ensure the lighter ions are implanted at a similar
depth [Ziegler, 1998]. As bismuth has a high sputtering yield, bismuth was implanted
last to reach stoichiometry. For oxygen, two approaches are possible, either implanting
oxygen followed by an annealing under an oxygen atmosphere or oxidise the material
by annealing this material without implanting oxygen. To implant bismuth, as the
bulk Bi is a soft metal with a melting point of 271 °C [Tooth et al., 2008], at atmospheric
pressure, careful attention must be paid to the internal temperature of the ion source
(a low anode current to minimise the internal temperature increase), the ions source
is optimised (pressure) for an efficient implantation. A small change of either of these
parameters makes a big difference in the bismuth yield. Also, the cathodes can melt in
the source.

The extraction current of the implanter has already been described in the previ-
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ous section. When ions leave the source, they pass through a magnetic field, which is
essentially a mass discrimination process. Einzel lens (Einzel lens are made of 3 electro-
static plates or tubes where the centre electrode is placed at high voltage between the
2 cathode tubes at ground potential) are place between the Penning ion source and the
bending magnet. The ions are focussed by Einzel lens. After the magnet, a series of slits
and quadrupole lenses steer and focus the beam towards the target. The quadrupole
duplet is made of 2 electrostatic plates in horizontal and 2 electrostatic plates vertical
configuration followed by 2 electrostatic plates in the vertical and 2 in the horizontal
position. A scanner was used to scan the focused ion beam across the sample area. The
scanner has pairs of variable “X” and “Y” electrostatic plates (±2000 V).

Once the ions reach the target, the final stage involves the implantation of ions in
the material. Eventually, ions will form layers under the surface of the substrate. The
depth penetration of the ions is guided by the sum of the electronic stopping power
and the nuclear stopping power of the sample being implanted [Ziegler, 1998]. The
electronic stopping power leads ions to lose kinetic energy caused by inelastic colli-
sions between the electron of the medium and the ions. The nuclear stopping power is
resulting from the elastic collision between ions and atoms [Amable et al., 2017; Yang
et al., 2002]. In the example of implanting Bi into SiO2, Bi ion will penetrate the sample
until this ion collides with a Si or O atom in the substrate. The electronic stopping
power of Bi at energy of 56 keV into SiO2 is 364 keV µm−1 and the nuclear stopping
power is 2984 keV µm−1 [Ziegler, 1998]. Table 3.2.1 contains more information on the
stopping power calculated by Stopping and Range of Ions in Mater, SRIM, software
[Ziegler, 1998]. Bi ions will stop only once those ions have lost all their kinetic energy.
During this process, a series of collisions will create disorder in the crystal (the atoms
that have been hit by the ion will travel farther into the sample and hit other atoms,
and at some point, those atoms should create their own space, forming a chain reaction)
and damage on the surface (a change in roughness on the surface). During the implan-
tation process, ions will interact with previously implanted atoms. As the mass of the
implanted Bi ions is the same as the ones previously implanted, the stopping power
will increase. This means the implantation depth will decrease. Also, the chance of hit-
ting a previously implanted ion increases with time. For some ion-material systems,
the sample reaches the equilibrium of implantation, each incoming ion will displace
another implanted ion.

D-Trym simulation, Figure 3.2.3, shows iron implantation at 38 keV into BiFeO3

saturate at a fluence of 8×1016 at.cm−2. At a depth of ∼75 nm the concentration of
implanted iron is 27 Fe.cm−2. Iron implantation at 38 keV in BiFeO3 has an electronic
stopping power of 82.5 keV µm−1 and a nuclear stopping power of 735.4 keV µm−1
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assuming the BiFeO3 density, default value from SRIM, of 4.389 g cm−3, unit cell is
1000 Å. Stopping power and target density of material modification, Chapter 5 5 and
Appendix C and Appendix D, are presented in Table 3.2.1.

Table 3.2.1: Ion stopping power of bismuth, iron and oxygen [Ziegler, 1998].

Electronic stopping
power [keV µm−1]

Nuclear stopping
power [keV µm−1]

Target density
[g cm−3]

Bi, 56 keV 364 2984 SiO2: 2.65
Fe, 38 keV 131 1173 SiO2: 2.65
O, 7.5 keV 838 2418 SiO2: 2.65
Bi, 56 keV 450 4711 Fe3O4: 5.17
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Figure 3.2.3: Theoretical simulation of Fe implantation into BiFeO3. The saturation occurs at
a fluence of 8×1016 at.cm−2. At of depth 75 nm, the concentration is 27 at.cm−2.

3.2.3 Annealing

GNS Science’s annealing furnace is a radiative furnace allowing use of different gas
with a variable flow pressure. The furnace temperature is up to 1000 °C. The sput-
tered bismuth ferrite phase films were annealed at temperatures up to 700 °C for up
to 7 hours. The oven was preheated to the set temperature before annealing and the
samples were taken out of the oven once the annealing time had elapsed; the samples
were let to cooldown at ambient temperature. The implanted films were annealed at
temperature up to 900 °C for 2 hours.
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Annealing is required to improve the quality of the sputtered thin films as the as-
made films are oxygen deficient and contain secondary phases. The system allows to
purge the laboratory air and replace that air with a partial atmosphere of different gases
like oxygen, nitrogen and argon. Bismuth has a melting point of 270 °C [Kindler et al.,
2003]. In order to improve the BiFeO3 structure a temperature of 500 °C is required,
this will be discussed in Chapter 4. An oxygen atmosphere, ∼40 kPa with a volumetric
flow rate of 40 mL.min−1, is introduced in the tube with the sample while annealing.
This is done to limit the evaporation of bismuth. Bismuth oxide, Bi2O3, has a melting
temperature of 800 °C [Qiu et al., 2006], the oxygen pressure (as study in Chapter 4)
retain more bismuth atoms in the film. Increasing the temperature allows to remove
some secondary phases or to give bismuth atoms enough mobility to bond with other
atoms like iron or oxygen, this can lead to the formation of the desired film. Annealing
can provide sufficient energy to change the crystal structure of the thin film [Fujii et al.,
1991; Johan et al., 2011] as discussed in Chapter 4, X-ray diffraction analysis.

Figure 3.2.4: Annealing furnace, GNS Science. The oven is open at both extremities. The
quartz tube can be connected to a gas flow regulator.

The temperature setting is controlled by a proportional-integral-derivative con-
troller (PID). A PID controller runs a loop system that calculates the uncertainty. This
will result in an overshoot and a stabilisation around the set value over time as de-
scribed by equation 3.2.4:
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u(t) = Kpe(t) +
Kp

Ti

∑
t

e(t) +KpTd
d

dt
e(t). (3.2.4)

Where Ti is the integral time, Td is the derivative time, Kp is the gain applied, e(t)
is the difference between the set temperature and the measured temperature and u(t)

is the controller output.

The energetic atoms that are either sputtered or implanted eventually lose their
energy and come to rest on a substrate or inside, becoming subject to the lattice param-
eter of that substrate and causing a potential mobility in the process limiting early stage
of film deposition. Increasing the temperature is enhancing ions mobility [Townsend
et al., 1976]. Diffusion is defined by the random walk movement of the sputtered or
implanted ions [Townsend et al., 1976].

The diffusion coefficient D is generally assumed independent of the atoms con-
centration. Einstein has confirmed, in the case of an ideal diluted solution, the coeffi-
cient D can be written as the following:

D = µ kB T. (3.2.5)

where µ is the mobility of the diffusing ions, kB is the Boltzmann’s constant and
T is temperature [Townsend et al., 1976]. Every element and compound has their
own diffusion coefficient, so in a mixed element layer the diffusion will be direction-
dependent [Townsend et al., 1976]. The elements and compounds near the surface
or near any defects have a greater mobility than elements in a perfect solid material
[Townsend et al., 1976]. In the case of thin films, oxidising metals during the anneal-
ing allows them to chemically bond to substrate like SiO2 and increases the adhesion
[Townsend et al., 1976]. To control the oxidation and make fewer modifications as
acceptable to the material’s properties, some have suggested creating stacks of ele-
ments. Ti will create a bond with the SiO2 substrate, while Pt will limit the oxidation
and improve the electronic contact [Townsend et al., 1976]. Diffusion is also seen in
non-metallic material [Myers, 1974]. Annealing BiFeO3 in oxygen improves the mi-
crostructure and the electrical properties [Prashanthi et al., 2013]. The implantation of
ions might result in stress in the sample. The relaxation of that stress can result in rifts,
voids and other modifications to the surface tension, modifying the ion diffusion rate
compared to an unstressed thin film [Townsend et al., 1976]. Oxidation in thin films
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can occur while annealing, especially annealing in an oxygen atmosphere [Townsend
et al., 1976].

The diffusion coefficient represents the probability of an atomic diffusing and was
successfully compared to a modified Arrhenius equation, equation 3.2.6:

D = D0 exp

(
− E

kBT

)
. (3.2.6)

where D is the diffusion coefficient, D0 is the best-fit pre-exponential factor, E is
the energy required to activate the diffusion, kB is the Boltzmann’s constant and T is
the temperature [Coogan et al., 2005]. A mixed layer of Bi2O3-Fe2O3 displays a similar
Arrhenius diffusion type. Bismuth oxide, when annealed up to 650 °C, diffuses several
microns into Fe2O3, however iron oxide does not diffuse into Bi2O3 [Rojac et al., 2014].
This result tends to confirm that the formation of BiFeO3 is limited by the diffusion of
bismuth toward iron oxide [Rojac et al., 2014].

Taking the natural logarithm of equation 3.2.6, the equation 3.2.6 becomes 3.2.7:

lnD = lnD0 −
E

kBT
. (3.2.7)

The plot of the natural logarithm of the diffusion coefficient as a function of the
inverse temperature, T−1, is called the Arrhenius plot. This is used to measure the
value D0 which is the interceptor and the activation energy which is the slope times
Boltzmann’s constant [Würschum et al., 2003].

The thermodynamic instability of BiFeO3 was studied and confirmed by Selbach
et al. [2008] to follow equation 3.2.8:

12

49
Bi2Fe4O9 +

1

49
Bi25FeO39 ↔ BiFeO3. (3.2.8)

Both Rojac et al. [2014] and Selbach et al. [2008] confirmed a synthesis mechanism
starting with bismuth oxides and iron oxide as seen in equation 3.2.9:
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1

2
Bi2O3 +

1

2
Fe2O3 → BiFeO3. (3.2.9)

Equation 3.2.9 is supported by the diffusion of bismuth oxide into iron oxide as
mentioned earlier by Rojac et al. [2014].

Annealing a BiFeO3 thin film over 880 °C could result in losing an amount of
bismuth ferrite in favour of another oxide phase as described in equation 3.2.10, [Rojac
et al., 2014]:

8BiFeO3 → 2Bi2Fe4O9 + 4BiO +O2. (3.2.10)

A note on the BiFeO3 decomposition equation 3.2.10, BiFeO3 and Bi2Fe4O9 are
both solid particles in a thin film, however Bi2O3 and O2 are both in a gaseous state.
The presence of Bi2Fe4O9 in sample that are annealed in unoptimised conditions (an-
nealed at 600 °C and annealed for 7 hours) could be explain by the two thermodynamic
reactions, equation 3.2.8 and equation 3.2.10.

3.3 Characterisation techniques

Thin film sample structures are characterised with ion beam analysis techniques, X-ray
diffraction, microscopy (e.g. AFM, MFM, PFM) and Raman spectroscopy. The mag-
netic moment is analysed by a superconducting quantum interference device, SQUID.
Magneto-optical coupling is studied with the magneto-optical Kerr effect (MOKE), and
magnetic-circular dichroism (MCD). These techniques are all discussed in this chapter.

3.3.1 Rutherford backscattering, RBS

Rutherford backscattering was carried out on 3 MeV Van de Graaff generator at GNS
Science. The measurements were done with 2 MeV 4He+ ions with the detector placed
at 165° and the sample placed at normal incident. To avoid channelling issues, a rota-
tion or tilting of the sample was induced [Wang and Nastasi, 2009].
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Rutherford backscattering spectrometry (RBS) is an ion beam analysis character-
isation technique used in fields of material science to investigate the composition and
depth profile of a selected element, such as bismuth, iron and oxygen in the case of
BiFeO3 thin film [Wang and Nastasi, 2009; Kennedy et al., 2007]. RBS is a technique
based on Rutherford scattering of helium particles from atoms’ matrix. The kinematic
factor is the ratio between the scatter ion energy over the incident ion energy. This
equation provides the energy for every element and many isotopes at the surface of
a material. The number of counts per area units can identify the stoichiometry, com-
position of the film. The kinematic factor, stopping power and depth resolution are
parameters evaluated by RUMP, Rutherford Universal Manipulation Program. The
calculated spectrum is compared with the experiment to estimate the concentration of
atoms, the density and thickness of the film.

RBS is based on the study of elastic collisions between an incident particle, in this
case 2 MeV 4He+, and a stationary target, the material to be analysed. The conserva-
tion of energy and momentum in this experiment implies that the scattered particle’s
energy E1 would be a fraction of the incident particle energy E0, written as E1 = KE0

[Wang and Nastasi, 2009]. where K is named the kinematic factor, K is equal to:

K =

(
(M2

2 −M2
1 sin

2 θ)1/2 +M1 cos θ

M1 +M2

)2

. (3.3.1)

θ is the scattered angle with respect to the laboratory reference, which is the po-
sition of the detector, M1 is the mass of the incident ion and M2 is the mass of the atom
in the matrix. The definition of the kinematic factor is based on the conservation of the
energy and momentum before and after the collision between the incoming particle
and the target material. Knowing E0 (the energy set by our particle accelerator), θ and
M1, M2 can be determined by equation 3.3.1. The Figure 3.3.1 (a) displays the effect of
modifying the detector angle analytically form the equation 3.3.1. The detector angle is
placed at 165° for practical reason, optimisation of mass resolution and depth profile.
The mass separation capability is highlighted in Figure 3.3.1 (b).

At an angle of 165°, the detector can separate different masses at different incident
energies E0, as seen in Figure 3.3.1 (b).

The energy resolution or the mass resolution, ∆EM2 , is defined by equation 3.3.2
[Wang and Nastasi, 2009]:
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∆Ei = E0

(
dK

dM2

)
∆EM2 . (3.3.2)

If the difference in energy, ∆Ei, is the minimum separable energy possible for the
detector, then mass resolution can be written as:

∆EM2 = ∂M2 =
∂E

E0

(
dK
dM2

) . (3.3.3)

The mass resolution is inversely proportional to the energy of the incident beam,
so increasing the incident energy results in an increase mass separation, while the mass
resolution is directly proportional to the energy resolution of the detector.

0 20 40 60 80 100 120 140 160 180
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

4 H
e+  B

ac
ks

ca
tte

re
d 

en
er

gy
 (M

eV
)

Angle ( )

 Bismuth
 Iron
 Chrome
 Oxygen
 Silicon

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

4 H
e+  B

ac
ks

ca
tte

re
d 

en
er

gy
 (M

eV
)

Incident energy (MeV)

 Bismuth
 Iron
 Chrome
 Oxygen
 Silicon

(a) Incident angle effects. (b) Incident energy effects.
Figure 3.3.1: (a) Mass resolution with an incident 4He+ ions at 2 MeV for a detector place

between 0° and 180°. The vertical dashed line shows the position of the detector
in the laboratory. (b) Incident energy impact on the mass detection for a detector
placed at 165°.

In the case of the Coulomb force Rutherford backscattering, the incident particle
trajectory is hyperbolic and the cross-section is the probability that the trajectory will
fall between an angle θ and θ + ∆θ, angle that are visible to the detector. The cross-
section can be written in the form [Nastasi et al., 2004]:

dσ(E, θ)

dΩ
= 0.02073

(
Z1Z2

4E0

)2
((

sin
θ

2

)−4

− 2

(
M1

M2

)2
)
. (3.3.4)
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Figure 3.3.2: Detector’s angle effect on cross-section for incident 2 MeV 4He+. Inset shows
the cross-section between 120° and 170°. The dash line shows the detector’s
position at 165°.

Figure 3.3.2 and Figure 3.3.3 display the impact of varying the angle θ and the
incident energy E0 on the cross-section, equation 3.3.4.
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Figure 3.3.3: Incident energy beam effect on the cross-section. The inset shows the different
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Backscattered particles lose more energy when they come from inside the target
compared to the surface of the target. This is caused by atomic interaction; statisti-
cally, more collisions or near Coulomb interactions happen when the incident particle
reaches a deeper layer of the material [Wang and Nastasi, 2009]. The energy loss is
expressed with equation 3.3.5:

E1 = E0 −
dE

dx

∣∣∣∣E1

E0

x. (3.3.5)



54 CHAPTER 3. EXPERIMENTAL SETUP

where x represents the distance travelled in the target. So, a broadening of the
RBS peak, illustrated in Figure 3.3.4, is linked to the thickness of the sample.

Figure 3.3.4: Example of RBS spectrum to illustrate the depth scale of Au on Si [Mayer, 1997].
Simulation of straggling effect is shown, Chu (red) and Bohr (green) models, in
RBS spectra.

Figure 3.3.4 illustrate the depth scale of a thin film. The blue dashed lines rep-
resent the atoms at the surface, the surface peak E0K. If a thin film has a negligible
thickness, the surface peak and the scattered α-particle energy, the back edge of the
layer (the green short dashed line in the Figure 3.3.4, Ei), would be overlapping. Equa-
tion 3.3.5 provides the theoretical calculation of Ei [Wang and Nastasi, 2009].

The loss of energy Ei is caused by the stopping power of the matrix, equation 3.3.6
and 3.3.7:

∆E = K

(
dE

dx

)
in

x

cos θ1
+

(
dE

dx

)
out

x

cos θ2
, (3.3.6)

[S] = K

(
dE

dx

)
in

1

cos θ1
+

(
dE

dx

)
out

1

cos θ2
. (3.3.7)



3.3 Characterisation techniques 55

Figure 3.3.5: Schematic of 4He+ Rutherford backscattering.

As shown in Figure 3.3.5, the angle θ1 is the angle between the incident beam and
the normal of the sample surface. θ2 is the angle between the scattered α-particle, the
detector position, and the normal of the sample surface.

Assuming the energy is the minimum energy detectable at a certain depth, then
equation 3.3.8 is the depth resolution:

x =
∂E

[S]
. (3.3.8)

If the variation in energy in function of the depth, dE/dx in equation 3.3.7, is
constant then the depth resolution improves when either θ1 or θ2 increases. Tilting the
sample stage would thus provide a better depth resolution [Wang and Nastasi, 2009].

The Figure 3.3.4 highlight the straggling effects. RUMP computation carried in
this researched used a straggling parameter lower than 5. Straggling occurs when
a beam of charged particles penetrates matter, the loss of kinematic energy during
the interaction is accompanied by a spread in the beam energy. Straggling represents
a statistical fluctuations of energy transfer during the Rutherford scattering [Mayer,
1997].

In the case of a thin film, the signal in the RBS spectrum for a single element is
representative of the areal density of the film. For example, Figure 3.3.4 shows the Au
signal of Au on Si thin films, in atoms.cm−2. The density or theoretical density allows
the calculation of the thickness of the film [Wang and Nastasi, 2009].

RBS analysis requires that a few parameters be fixed, including the incident par-
ticle’s mass M1, the energy of the incident particle E0, and the angle between the in-
cident, backscattered beam and the normal to the surface of the target. The selected
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incident ion beam is 4He+ at 2 MeV, this energy is chosen to optimise the mass reso-
lution and depth resolution. The angles θ1 and θ2 are fixed at 0° and 15° in this case,
with the possibility of modifying them to improve the depth resolution as mentioned
earlier, equation 3.3.7. These angles represent a good compromise to differentiate the
kinetic factor and increase the cross-section for most elements. Other parameters to
optimise this technique include the incident energy; the selected energy is chosen after
analysing the depth profile of elements in the thin film, the mass separation. A multi-
layered thin film sample may increase the complexity of analysing the depth profile,
the element separation could be more extensive if heavy elements are in layers below
the surface. To analyse the composition, a clear separation of the peaks is required;
the mass of bismuth, iron and oxygen is sufficient for a film of less than 200 nm to be
resolved with a 2 MeV 4He+ beam.

Sample charging and channelling are two phenomena that can have a significant
impact on the RBS spectrum. Sample charging is possible with an electrically isolating
material, one possibility in that context is an accumulation of charge on the surface
sufficient to divert the ion beam inducing inaccuracy in the charge statistic [Wang and
Nastasi, 2009]. Channelling, or alignment of the incident beam with one of the crystal’s
preferred orientations as shown in Figure 3.3.5, can happen in a crystal or a polycrys-
talline structure. As seen in Figure 3.3.5, the incident particle can travel farther into a
deeper layer with a limited interaction with the channelled layer; resulting in a lower
count of the channelled element. This would thus underestimate the concentration and
stoichiometry of those elements [Wang and Nastasi, 2009]. To limit the probability of
channelling, inducing a rotation or tilting the sample is required.

3.3.2 X-ray diffraction, XRD

X-ray diffraction (XRD) measurements were carried out using a Co Kα, wavelength of
0.1789 nm, X-ray source. The operating voltage was 40 kV with a current of 35 mA.
The samples are place at grazing angle in the case of BiFeO3 thin film and implanted
films.

X-ray diffraction is a non-destructive analytical technique to characterise phase
composition structure of samples [Agbo et al., 1832; Ermrich and Opper, 2013]. The
phase identification is possible by comparing the X-ray diffraction of an unknown
sample with a series of references [Ermrich and Opper, 2013]. X-rays are produced
after exiting the electronic cloud of cobalt 56, 56Co, and a loss of electronic energy by
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Bremsstrahlung. The recombination electrons-holes between the orbital L and K result
in the emission of light, this occurs in the X-ray spectrum, the other wavelength and
transition are filtered out to avoid light contamination [Ermrich and Opper, 2013]. The
X-ray generator tube is filtered to prevent the emission of more energetic light particles
like the Kβ. The concept of this analytical technique is visualised in Figure 3.3.6. The
X-ray source generates a parallel beam of X-ray light directed towards the sample at an
angle θ. If the reflected light creates a constructive wave front, then the detector placed
at an angle θ will detect and convert that light into an electronic signal.

Figure 3.3.6: Graphical representation of Bragg’s Law.

Bragg’s law, equation 3.3.9, describes the constructive interference reflected light.

2 d sin θ = nλ. (3.3.9)

Where d is the spacing between the two planes of the sample, θ is the incident
and reflected beam angle, λ is the wavelength of the X-ray source light and n is the
interference order, which is a multiple of the wavelength [Ermrich and Opper, 2013].
Constructive reflection happens in the cases of crystals or polycrystalline samples not
for amorphous materials. The d-spacing comes from the cubic structure: 1/d2 = (h2 +

k2 + l2)/a2. The d-spacing is the conversion from the Miller indices to the real coordi-
nates [Ermrich and Opper, 2013]. In the case of a rhombohedral material like BiFeO3,
equation 3.3.10 gives the d-spacing value [Duffy, 2009],

1

d2
=

(h2 + k2 + l2) sin2 α + 2(hk + kl + hl)(cos2 α− cosα)

a2(1− 3 cos2 α + 2 cos3 α)
. (3.3.10)
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The reflected X-ray light should be constructive when d in equation 3.3.10 satisfies
the relation 3.3.9, unless the sample absorbs the incident light [Ermrich and Opper,
2013].

To optimise the signal in the diffractogram, the incident X-ray beam is placed
at a grazing angle with the substrate for thin films. This allows the reflection from
the substrate to be minimised, since the thin film is too thin to prevent light reflection
from the silicon substrate [Ermrich and Opper, 2013]. The Figure 3.3.6 represents the
normal incidence analysis that was used to study the bulk material and BiCrO3. While
the Figure 3.3.7 represent the XRD grazing angle configuration used to analysis the
BiFeO3 thin film at a grazing angle of 2° and the implanted film at a grazing angle
between 2° and 5°.

Figure 3.3.7: Graphical representation of Bragg’s Law, grazing angle.

The intensity of the reflected light is proportional to the constant for the instru-
ment, X-ray generator, (generally a value between 0.8 and 0.95), the absorption coef-
ficient of the material, the polarisation factor, the Lorentz factor, and the sum of the
scattering factor for each atom divided by the volume of the unit cell [Ermrich and
Opper, 2013]. This explains the variability of the relative intensity measured by the de-
tector. The absorption coefficient can explain why some combinations of Miller indices
do not generate any reflected light. The limit of detection is 3σ. Increasing the time of
measurement results in a better signal to noise ratio [Ermrich and Opper, 2013].

The Scherrer equation, equation 3.3.11 [Scherrer, 1918], in X-ray and crystallogra-
phy is a formula that relates the size of crystallites or sub-micro particles in a solid to
the diffraction pattern peak broadening [Scherrer, 1918; Patterson, 1939]:

τ =
Kλ

β cos θ
. (3.3.11)
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where τ is the mean size of the crystallites, K is a dimensionless shape factor of
0.9 in this case, λ is the X-ray wavelength, β is the line broadening at full width at half
maxima after removing the instrumental line broadening and θ is the diffraction and
incident angle. The real broadening β is calculated with equation 3.3.12,

β2 = β2
measure − β2

instrument. (3.3.12)

Where βmeasure is the broadening measure in the diffractogram and βinstrument is the
broadening generated by the instrument, which has a value of 0.1 in this study.

The Wilson equation, equation 3.3.13, links the peak broadening with the micro-
strain [Ermrich and Opper, 2013]:

ϵ =
βe

4 tan θ
. (3.3.13)

βe is the broadening caused by the lattice strain, ϵ is the micro-strain and θ is the
diffraction angle.

Assuming the total broadening is the sum of the crystallite size broadening and
the micro-strain (equation 3.3.11 and 3.3.13) and defining the constant C to simplify
the equation, the Williamson-Hall relation can be written as equation 3.3.14:

βtot = β + βe =
Kλ

τ cos θ
+ C ϵ tan θ, (3.3.14a)

βtot cos θ =
Kλ

τ
+ C ϵ sin θ. (3.3.14b)

The Williamson-Hall plot, β cos θ as a function of sin θ equation 3.3.14, provides
the micro-strain, which is given by the slope (C ϵ), and the grain size, which is given by
the interceptor (Kλ/τ) (this is only an approximation and must be treated carefully)
[Ermrich and Opper, 2013].

The depth profiling of the X-ray varies as a function of the absorption of the sam-
ple. Metallic samples tend to absorb light [Fitzpatrick et al., 2005]. This aspect is not a
concern for this project, as the thin films are visible and thin. Also, by measuring the
X-ray diffraction at the grazing angle, the substrate is not visible.
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X-ray diffraction is a non-destructive analysis technique, in our case for the study
of thin films, that is useful for confirming the structure and crystallography space
group. By comparing the diffractogram with a series of references and Scherrer’s equa-
tion, this technique provides an indication of the crystallite’s size [Lacroix et al., 2011].

3.3.3 Microscopy

This section focuses on atomic force microscopy and other analyses techniques avail-
able with similar setups. Transmission electron microscope is also discussed in this
section.

3.3.3.1 Atomic force microscope, AFM

The atomic force microscopy follows the Leonard-Jones, shown in Figure 3.3.8, poten-
tial where the repulsive force of the Coulomb interaction and the Pauli exclusion and
the attraction of the Van der Waals force modify the cantilever frequency and ampli-
tude in function of the distance between the tip and the surface of the material study.

Figure 3.3.8: Atomic force microscopy, Leonard Jones potential [Renkert, 2014].

The atomic force microscope is made of a tip fixed to a cantilever; a laser is re-
flected off the cantilever and directed to a photo-detector whose output signal is col-
lected and interpreted by Nanosurf software [Nanosurf, 2015]. Three modes of contact
can be used to scan the surface of samples. In the contact mode or static mode, the
tip touches the surface of the sample with a force of less than 10 nN while scanning
the surface. The tip will raise and lower following the particle grain size. In the tap-
ping mode or dynamic mode, the tip oscillates at a specific frequency, each tip has a
specified frequency by the manufacturer, maintained by the system. Each perturbation
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from the sample surface, like the Van der Waals force, is converted into particle height.
The third mode is non-contact. In this mode, the cantilever oscillates over the surface
of the sample, the tip is maintained at a distance of less than 200 nm from the surface
of the sample, and detects the Van der Waals interaction with the surface to map the
surface of the sample [Nanosurf, 2015]. The scanning speed is about 1.1 to 1.3 points
per second for image of size between 10 µm to 50 µm. The contact mode and tapping
mode were used for practical reason. The non-contact mode was used to study the
magnetic and electrical response from the tip.

Atomic force microscopy (AFM) is a surface scanning technique detailing the
grain size, height and the average plane height. AFM can be used for force measure-
ment, imaging and manipulation [Wiesendanger and Meyer, 2009]. The imaging is
carried out by probing the force that the sample applies to the tip. This can be used to
perform a 3D mapping of the sample surface. At GNS Science, the AFM is a Nanosurf
FlexAFM model, and the sample images presented in this thesis have been taken in
contact or tapping mode. The vertical resolution is typically in the order of 0.5 nm and
the horizontal resolution is in the order of 1-5 nm due to the shape of the tip and the
condition of operation [Nanosurf, 2015].

Every image was process with Gwyddion software to remove the background
with a polynomial function. The grains were levelled to face upward and a polynomial
function is applied to align the topographic scanned lines. Horizontal artefacts were
subtracted. All the images were scaled with the same values and render in 3-D.

3.3.3.2 Transmission electron microscopy, TEM

Transmission electron microscopy was used to characterise the micro-structure of the
film. The sample preparation used the focus ion beam, FIB, technique. This is done in
place of the commonly ion milling technique. The sample was coated with Pt and C to
eliminate secondary electrons. The TEM resolution is limited by the electron diffrac-
tion. Cross-sectional transmission electron microscope (TEM) images were taken using
a Tecnai TF20 with an acceleration voltage of 200 kV. The measurements were carried
out by Dr Serguey Rubanov’s research group at the University of Melbourne, Aus-
tralia. The samples were prepared using the focused ion beam lift-out methods [Gi-
annuzzi et al., 1998]. Selected area electron diffraction (SAED) micrographs were also
recorded.

Prior to TEM analysis, the samples need to be prepared. The preparation tech-
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nique used by Dr Rubanov is focused ion beam (FIB). The cross-section is milled out
of the sample by an electron-transparent membrane. The sample is then placed on a
carbon-coated [Giannuzzi et al., 1998] platinum substrate. FIB, Ga beam, is a precise
sputtering technique, removing as little material as required from the cross-section
sample. This sputtering technique can be carried out with gallium ion plasma that
could modify the composition and structure of the sample by implanting gallium
[Baram and Kaplan, 2008]. Polishing the sample with this method requires hours to
remove a few microns.

TEM is an electron beam microscope technique [Carter and Williams, 2016; Cow-
ley and Rees, 1958], bright field imaging in this case. The electron beam is transmitted
through the material to be analysed, and the interaction of the beam with the sample
provides an image with resolution in the order of a few nanometres. TEM imaging con-
trast can be caused by the sample partially absorbing the electron beam, z-contrast. The
absorption happens with heavier elements or with thick films [Carter and Williams,
2016; Cowley and Rees, 1958].

The theoretical image resolution is limited by the wavelength of the source, equa-
tion 3.3.15 [Fultz and Howe, 2012; Newnham and Roy, 1921]:

d =
λ

2n sin θ
. (3.3.15)

where d is defined as the image resolution, λ is the wavelength of the source and
θ is the angle between the electron beam source and the sample surface. The electron
wavelength can be approximated by equation 3.3.16 [Goodhew, 2001]:

λe =
h√

2m0 E
(
1 + E

2m0 c2

) . (3.3.16)

Where λe is the electron wavelength, h is the Planck constant, m0 is the rest mass
of an electron, E is the energy of the accelerated electron and c is the speed of light.

The bright field image maps an area where the contrast is modified mainly by
the absorption or reflection of the electron beam [Cowley and Rees, 1958] shows the
cross-section of the thin film, depth profile of bismuth, iron and oxygen. In the case of
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a high and well-defined contrast, the image allows the measurement of the molecule’s
dimension, assuming a flat two-dimensional film.

SAED is a technique based on a diffraction pattern of the crystal structured ma-
terial. The position and the size of the aperture is adjustable to fulfil the measurement
requirements. The position of the beam on the sample is important for extensive anal-
ysis of polycrystalline material; the selected area can be limited to one single crystal at
a time. Comparing two crystals can provide information on their relative orientations.

SAED is projected in the Fourier plane. If the sample is placed in a low crys-
tal index area, the crystal structures and lattice parameter can be measured by SAED.
This can be difficult to achieve with amorphous or polycrystalline samples. This tech-
nique can identify certain defects, lattice matching, and interfaces [Neogy, 2012; SAED,
2016]. Diffraction of a single pure crystal will result in a series of dots. Crystals like the
silicon substrate, when undisturbed, display diffraction patterns in discrete positions,
constructive Bragg’s diffracted areas. While a polycrystalline sample would result in
diffraction of a series of ring shape [Cowley and Moodie, 1957]. The diffraction ra-
dius is dependent on the d-spacing of the crystals, while the d-spacing depends on the
crystal’s orientation and Miller indices. SAED analysis is limited by sample thickness,
orientation, lens focus and optical aberrations [Cowley and Moodie, 1957]. Any im-
purities that do not displace the crystal lattice will, if visible, display a weak contrast
[Hull and Bacon, 2001].

3.3.3.3 Magnetic force microscopy, MFM

The magnetic response is similar to the AFM setup. The difference between the two
operating modes is that the MFM analysis requires the tip to be magnetically charged
in order to analyse the magnetic response and image the results. The charged tip will
induce an attractive or repulsive force, leading to a deflection of the cantilever. This
technique can be used to image magnetic domain on the surface of a sample.

The non-contact mode was used to study the magnetic response from the tip.
The tip is maintained at a distance of less than 200 nm from the surface of the sample,
and detects the Van der Waals interaction with the electric charge at the surface of the
sample magnetic moment [Nanosurf, 2015]. The scanning speed is about 1.1 to 1.3
points per second for image of size between 10 µm to 50 µm. The vertical resolution is
typically in the order of 0.5 nm and the horizontal resolution is in the order of 1-5 nm
due to the shape of the tip and the condition of operation [Nanosurf, 2015].
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3.3.3.4 Piezoelectric force microscopy, PFM

The piezoelectric response is similar to the AFM setup. The difference between the two
operating modes is that the PFM analysis requires the tip to be electrically charged in
order to analyse the piezoelectric response and image the results. The charged tip will
induce a deformation of the sample due to the piezoelectric effect, leading to a deflec-
tion of the cantilever. This technique is ideal for imaging the ferroelectric domain on
the surface of a sample. Two effects can be visible from PFM analysis, the lateral and
the amplitudinal piezoelectric response. The lateral response is caused by a deflection
of the cantilever as the tip is either attracted or repulsed by the charge near the surface
of the sample. The amplitude is the movement up and down the cantilever, which
will occur as the sample attracts or repulses the tip from the electrical charge at the
surface. As a simple photo-detector can separate the two motions and provide both
analyses at the same time. By optimising the applied voltage on the cantilever, the lat-
eral and amplitudinal response can be tune to be the in-plane and out-of-plane polar
components. With the charged tip in contact with the sample, the sample can be charge
locally and then analyse the piezoresponse to confirm the presence of the ferroelectric
domain at the surface. In this case study, the ferroelectricity was confirmed at ambient
temperature with this technique. The ferroelectric property confirms the sample con-
tain a significant amount of BiFeO3. Combining the PFM analysis with the magnetic
ordering also confirms the presence of a multiferroic material.

The non-contact mode was used to study the electrical response from the tip. The
tip is maintained at a distance of less than 200 nm from the surface of the sample,
and detects the Van der Waals interaction with the electric charge at the surface of the
sample piezoelectric response [Nanosurf, 2015]. The scanning speed is about 1.1 to 1.3
points per second for image of size between 10 µm to 50 µm. The vertical resolution is
typically in the order of 0.5 nm and the horizontal resolution is in the order of 1-5 nm
due to the shape of the tip and the condition of operation [Nanosurf, 2015].

3.3.3.5 Kelvin probe microscopy, KPM

Kelvin probe force microscopy, KPFM or KPM, can be visualised as an electrically-
charged AFM tip in tapping mode [Nanosurf, 2015]. This characterisation technique
is used to analyse the local work function. The work function is the minimum energy
required to strip an electron from the surface of a solid material [Kittel, 2005]. The
work function is defined in equation 3.3.17:
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W = −eϕ− EF . (3.3.17)

Where −e is the charge of electron, ϕ is the electrostatic potential in the vacuum
near the sample surface and EF is the Fermi level [Kittel, 2005]. If a readable voltage
from a voltmeter is defined as V = −EF/e, then equation 3.3.17 can be rewritten as
equation 3.3.18:

ϕ = V − W

e
. (3.3.18)

This technique probes the mechanical response of the cantilever to the difference
in voltage between the tip and the material under study. The experimenter controls
the applied voltage, V , on the cantilever. The electric field between the sample and
the probe can be applied and maintain constant resulting in a direct comparison of
the work function between the sample and the tip of the microscope. This process
can be visualised as a capacitor system; the current flow will change as a function of
the distance between the tip and the material given a constant applied voltage. This
technique provides another point of view on the piezoresponse of the material. KPM
was used for practical reason to replace and confirm the PFM results. The operation
condition and the resolution are the same as the PFM measurements.

The same setup can also create local (the area of a few atoms) I-V curves or current
as a function of the voltage and provide a nanoscale resistivity analysis. The measure-
ments were carried at ambient temperature.

3.3.4 Raman spectroscopy

Raman spectroscopy analysis was carried at Victoria University of Wellington with the
confocal LabRam, 514 nm, 1800 cm−1 grating with an objective of 100× and 50×. The
beam spots when using the 100× objective is in the order of a micron and the laser
power was limited to less than 10 mW to avoid heating the samples. The Raman setup
reduces the detected scatter light from air.

Raman spectroscopy is a characterisation technique to analyse the vibration and
rotation of atoms in materials by using an inelastic light collision [Le Ru and Etchegoin,
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2008]. Raman spectroscopy uses a laser to excite the ions in a material, in this case a
polycrystalline thin film, resulting in vibration along the degrees of freedom allowed
by the crystal structure, generating a wavelength in the material called normal mode.
Any unstable excited mode dissipates. The normal modes are unique characteristic.
The crystal case is interesting, as the vibration can be approximated by an oscillator
system with an energy of E = (n + 1/2)h/λ. These quanta of energy represent the
energy of the Raman mode and are described as phonons. The phonon is to material
vibration what the photon is to light; they both describe the wavelength behaviour of
a system. Raman scattering occurs when the incident light is scattered by a phonon.
In the case where the light interacts with the crystal, a phonon can be created, this
event is called Stokes scattering, however if the interaction results in absorption of a
phonon, then this event is said to be anti-Stokes. The incident light can potentially
interact with multiple phonons at the same time; these interactions are higher order.
Raman scattering of first order happens only when the incident light is scattered by
one phonon. Due to the higher number of interactions, higher order events result
in a weaker relative intensity and broader Raman shift scattered light. The Stokes
scattering probability is proportional to the available occupied low-energy vibration
states and vacant high-energy vibrational states, while the probability of anti-Stokes
scattering is inversely proportional to these states [Le Ru and Etchegoin, 2008]. Raman
spectroscopy is instantaneous, no intermediate states are required to physically explain
the phenomenon.

3.3.5 Magnetometer, magnetic moment ordering measurement

Magnetisation measurements were performed on a Quantum Design, Superconduct-
ing QUantum Interference Device (SQUID) at Robinson Research Institute. The mea-
surements were performed on films sputtered and implanted on silicon dioxide and sil-
icon. McElfresh [1994] provides details about the SQUID components and assemblage.
The magnetometer is made of a superconducting solenoid, Figure 3.3.9(a), acting like
a superconducting magnet and a superconducting detection coil, and a pick-up coil
[McElfresh, 1994]. The SQUID is based on a Josephson junction. The detector senses
the magnetic field from the sample as the sample’s magnetic moment induces a small
voltage in the pick-up coil [McElfresh, 1994]. The Figure 3.3.9(b) displays a gradiome-
ter. the gradiometer is a detection coil made of a single piece of superconductor with
two counterclockwise and two clockwise turning coils counterbalance any modifica-
tion of the magnetic flux caused by the sample. The signal output is analysed using an
iterative method. The SQUID voltage is fitted to equation 3.3.19 [McElfresh, 1994]:
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f(z) = P1 + P2+P3 (2 · (0.972 + (z + P4)
2)−

3
2 − (0.972 + (1.519 + (z + P4)

2))−
3
2

− (0.972 + (1.519 + (z + P4)
2))−

3
2 ).

(3.3.19)

where P1 is an offset constant and P2 is the linear background of the vertical po-
sition z through the coil. P3 and P4 are dipole components; P4 is a shift in the function
of vertical position [McElfresh, 1994]. The magnetic moment (emu) is defined by equa-
tion 3.3.20:

moment =
P3 S1

S2 s S3

. (3.3.20)

S1, S2 and S3 are the calibration factors (S1 = 1.825, S2 = 7512.185, S3 = 0.9125)
and s is the sensitivity calibration factor.

Figure 3.3.9: (a) Schematic of a SQUID sensor [Rohlf, 1994] and (b) second-order gradiometer
superconducting pick-up coils [McElfresh, 1994].

The sample’s holder is made of two straws as displayed in Figure 3.3.10, the
straws made of plastic are used to avoid any stray magnetic moments. The sample
holder is attached to a rigid rod to bring the sample to the superconducting coil. If
the sample is longer than the scanned area, then the fit might not be reliable. Another
potential issue is a non-uniform magnetic sample; the ideal case would then not apply
[McElfresh, 1994]. Another limiting factor is the strength of the signal measured. A
magnetic sample on the order of ∼10−6 emu and lower results in poor-quality fitting,
with the limit being from 10−8 to 2 emu. The vibrating sample magnetometer (VSM) is
limited to 10−6 emu, this is two orders of magnitude less sensitive [McElfresh, 1994].
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The magnetic moments are measured at a variable applied magnetic field, from
-6 T to 6 T, and variable temperature, from 5 K to 340 K. The field loop measurements
were carried out at 5 K and 300 K. The temperature dependence measurement was
carried out at 2.5 T and 6 T while the zero-field-cooled and field-cooled (ZFC-FC) mea-
surements were carried out at 10 mT. The zero-field-cooled (ZFC) sample is initially
cooled down to 5 K and measured while the temperature increases to 340 K. During
the cooling stage the field is zero Tesla, while during the measurement the applied
magnetic field is 10 mT. The field-cooled (FC) measurement is carried out at 10 mT
during the cooling of the sample from 340 K to 5 K. This low field was chosen to anal-
yse the hysteresis loop behaviour without the saturation moment. The sample, the
straws and any tools that could be in contact with the sample were cleaned with iso-
propanol. The samples were handled with plastic tweezers as shown in Figure 3.3.10
to minimise any magnetic contamination [Abraham et al., 2005].

Figure 3.3.10: Example of SQUID sample mounted in plastic holder. The sample is placed
between a folded plastic straw and another straw. The sample is placed at
4 cm from the top of the straw, optimum distance for measurement. The up-
per inset is an enhancement of the sample area. Samples are cut to have a
width between 0.2 and 0.4 cm and height between 0.6 and 1 cm for an optimise
analysis.

The software MPMS MultiVu of Quantum Design, MPMS MultiVu application
Revision 1.61, Build 082 [McElfresh, 1994] converts the voltage signal to the magnetic
moment in emu, as described previously. In this report, the magnetic data are plotted
in units of formula unit per atom (µB Fe−1). The first step is to convert the magnetic
field from Oersted to Tesla (10000 Oe = 1 T). The magnetic moment measured in emu
is converted to Amps × square meter: m[A.m2] = m[emu] 10−3[A.m2.emu]. The mag-
netic susceptibility of the sample is calculated with equation 3.3.21 and provides the
magnetic moment:
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mFe =
m− χSi

(
A B

µ0

)
µB AnFe

. (3.3.21)

χSi is the silicon susceptibility (-3.26×10−6 emu, measured with the SQUID), A
is the sample area, B is the magnetic field, µ0 is the permittivity of free space, and
nFe is the Fe dose estimated from the RBS data analysis. The silicon susceptibility
was measured using the SQUID. The saturation moment can be analysed from the
temperature dependence given by equation 3.3.22:

ms,Fe = mFe(0)(1−DT n). (3.3.22)

where ms,Fe(0) is the saturation moment per iron atom at 0 K, n is the exponent,
and D the temperature prefactor and is related to the spin stiffness [Bloch, 1930].

Superparamagnetism (discussed in subsection 2.1.4) occurs when the thermal en-
ergy is greater than the magnetocrystalline anisotropy energy. This magnetic state can
be observed by measuring the ZFC and FC curves at low magnetic fields, and the
temperature where the ZFC curve reaches a peak can be taken as an estimate of the
blocking temperature TB, equation 2.1.6 [DiPietro et al., 2010].

ZFC is measured during a warming up stage, at 10 mT, from 5 K to 330 K. The
temperature ramp up speed is 0.8 K per minute between 5 K and 15 K, 2 K per minute
between 15 K and 20 K and 1.8 K per minute above 21 K. The sample, prior to the mea-
surements, was cool down from 330 K to 5 K without an applied magnetic field. FC
was measured with and applied magnetic field of 10 mT after the ZFC measurement
with the same temperature speed. Both measurements were taken during the tempera-
ture sweep, the temperature was not stabilise to measure the magnetic moment, using
the Quantum Design RSO mode. The measured values, at 0.5 Hz, are the combination
of 2 scan cycles.

3.3.6 Optical light transmission and absorption

The optical transmission measurement was performed at Callaghan Innovation on a
split light beam transmission system. One light path passes through a blank substrate
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while the other one passes through the BiFeO3 layer deposited on the substrate. The
relative transmission is provided with a spectrograph.

The semiconductor optical band gap allows for the absorption of some of the
light. The absorption wavelength depends on the energy of the optical band gap. The
amount of light absorbed is defined by equation 3.3.23 [Jiles, 2001]:

I = I0 exp(−αx),

α = ln

(
I0
I

)
× x−1.

(3.3.23)

where I0 is the incident light, x is the thickness of the sample and I is the light
transmitted through the sample. This experiment can provide the optical direct band
gap value from equation 3.3.24 [Jiles, 2001]:

~ωα = αD

√
~ω − Eg. (3.3.24)

The indirect band gap can be found from equation 3.3.25 [Jiles, 2001]:

~ωα = αi(~ω − Eg)
2. (3.3.25)

where Eg is the optical band gap energy and ~ω is the photon energy. A Tauc plot,
which plots the absorption coefficient as a function of the photon energy, is a technique
to determine the optical band gap energy [Tauc et al., 1966]. An abrupt change in the
slope indicates the band gap value. To extend the Tauc plot analysis, equation 3.3.26 is
necessary [Davis and Mott, 1970]:

~ωα = αi(~ω − Eg)
r. (3.3.26)

The direct optical band gap Eg is measured with an r value of 1/2, and the direct
forbidden transition for r is equal to 3/2 [Davis and Mott, 1970]. The indirect optical
band gap has a r value of 2 and the forbidden indirect transition of r is equal to 3 [Davis
and Mott, 1970]. Some authors like Jiles, 2001 neglect ~ω on the left side of the Tauc
plot equation, equation 3.3.26.



Chapter 4

Evolution of the structure, surface and
magnetic properties of sputtered

BiFeO3 thin film

This chapter details the synthesis, growth and structure of nano-polycrystalline bis-
muth ferrite: BiFeO3 thin film synthesized by ion beam sputtering. The magnetic
properties and ordering of the films are analysed at different annealing temperatures
and durations. The electrical properties are described using a piezoelectric force mi-
croscope. The magneto-optical Kerr effect (MOKE) is studied for the first time on a
nano-BiFeO3 thin film between 200 and 600 nm. The only previous work was carried
out on BiFeO3 thin film at a wavelength around 1550 nm. The analysis of bismuth
ferrite is compared with iron oxide powders and thin films.

4.1 Introduction

Multiferroic materials, which show coupling between the electric and magnetic field,
have attracted a lot of attention from researchers, as they have many potential ap-
plications [Ramesh and Spaldin, 2007; Mocherla et al., 2014] such as magnetoelectric
RAM [Ortiz-Quiñonez et al., 2013; Kondo et al., 2007; Wang et al., 2013], magnetic
sensors [Ortiz-Quiñonez et al., 2013], and photovoltaic cells [Yang et al., 2009]. A
multiferroic interacting with light could potentially have a greater impact on future
memory chip technology if the magnetic moment of the nano-material can be linked
to a reflected wavelength, increasing the efficiency of such a device [Kézsmárki et al.,
2011]. This property could potentially improve the integrability of optical isolators
[Lopez-Santiago et al., 2009] and under specific process could be part of a quantum
non-demolition dot [Puri et al., 2014]. BiFeO3 is the most studied multiferroic, as this
material was the first confirmed ambient temperature multiferroic [Dho et al., 2006].
This material has interesting properties, e.g. a Curie temperature of 1103 K, and a Néel
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temperature of 643 K [Mocherla et al., 2014; Mazumder et al., 2007]. BiFeO3 has G-
type antiferromagnetic behaviour and has a spin canting moment of iron [Park et al.,
2007]. Superparamagnetic BiFeO3 has been reported [DiPietro et al., 2010]. The BiFeO3

Verdet constant has been reported at 18±2 °cm−1 kOe−1 at ambient temperature for a
wavelength of 1550 nm [Bi et al., 2008]. The Verdet constant can be calculated from the
Faraday or Kerr rotation, which provides a link between light and the magnetic mo-
ment. This knowledge could initiate a new research focus for the well-studied BiFeO3

multiferroic. The optical band gap of BiFeO3 is reported to be between 2.2 to 2.8 eV
[Chen et al., 2011; Wang et al., 2013], with most groups agreeing that the optical band
bag value should be 2.5 eV.

Magnetic circular dichroism (MCD) is an experimental technique to measure the
relative absorption intensity of left and right circularly polarised light while the sam-
ple is under the influence of a strong magnetic field [Stephens, 1974]. MCD is a tech-
nique, as precise as the conventional Superconducting QUantum Interference Device
(SQUID) [Domingo et al., 2004], to analyse the composition of magnetic material. MCD
analysis focuses on the absorption band of the material, more precisely on the Zeeman
splitting and the presence of intermediate state bands between the grounded and ex-
ited bands [Stephens, 1974]. Very little work has been done on BiFeO3 MCD, however
a few reports using soft X-ray MCD (XMCD) on BiFeO3 are available for comparison.

The bulk compound has a small net magnetic moment when averaged over the
spin cycloid period [Park et al., 2007]. The measured magnetic moment in bulk BiFeO3

can be significantly enhanced by partial substitution of different ions for Bi or Fe [Wen
et al., 2016], which might be due to the suppression of the spin cycloid. An exchange
bias, Bex, has been reported in thin film multilayers that use BiFeO3 as a pinning layer
next to a ferromagnetic layer [Wang et al., 2009b; Wu et al., 2010; Li et al., 2016] where
that layer can be electrically switched [Wang et al., 2009b; Wen et al., 2016], which is
particularly useful for magneto-electric RAM. Bex can occur when an antiferromag-
netic phase is adjacent to a ferromagnetic phase and the sample is cooled to the Néel
temperature in the presence of an applied magnetic field [Nogués and Schuller, 1999;
Meiklejohn and Bean, 1957; Malozemoff, 1987].

Many studies on BiFeO3 nanoparticles and nanoceramics have reported that the
saturation moment per Fe, ms,Fe, is enhanced when the nanoparticle size is reduced
[Park et al., 2007; Mazumder et al., 2007; Reddy et al., 2012; Dhir et al., 2015; Dhanalak-
shmi et al., 2016]. The saturation moment can reach 0.41 µB/Fe [Mazumder et al.,
2007], where µB is the Bohr magneton. This is far greater than the bulk value of
0.02 µB/Fe [Park et al., 2007]. The difference could be due to the nanoparticles being
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smaller than the spin cycloid period. Under this condition, the spin cycloid structure
may be reduced resulting in uncompensated surface spins that lead to a ferromagnetic
shell [Park et al., 2007; Mazumder et al., 2007; Reddy et al., 2012; Dhir et al., 2015; Vi-
jayasundaram et al., 2016]. The small nanoparticle size can also lead to enhanced mag-
netic, electric [Dhir et al., 2015] and multiferroic properties [Mukherjee et al., 2014]. An
exchange bias has also been reported, which is absent in bulk BiFeO3 [Park et al., 2007;
Mazumder et al., 2007; Dhir et al., 2015]; exchange bias either increases [Mazumder
et al., 2007; Dhir et al., 2015] or decreases as the nanoparticle size is reduced [Park
et al., 2007]. The exchange bias is believed to arise in BiFeO3 from a ferromagnetic shell
induced in part by uncompensated surface spins [Park et al., 2007; Mazumder et al.,
2007; Dhir et al., 2015]. Interestingly, there have been a few studies that do not report
a significant enhancement of the saturation moment per Fe or the appearance of Bex

[Mocherla et al., 2014; Chakrabarti et al., 2011], but a small amount of Eu doping leads
to a large enhancement of the saturation moment [Chakrabarti et al., 2011]. This sug-
gests that the appearance of an enhanced moment and exchange bias depends on the
nanoparticle preparation method. For application purposes, small BiFeO3 nanoparti-
cles in thin films might be more practical than nanoparticle powders.

BiFeO3 can also have an enhanced magnetisation when the particle sizes are small
enough that they suppress the spin cycloid structure [Park et al., 2007;, DiPietro et al.,
2010]. The spin cycloid structure is due to canting of the Fe moments, leading to a
small net moment that rotates in space with a spiral structure with a period of 62 nm
and results in a nearly zero moment when averaged over each period for bulk BiFeO3

[Park et al., 2007]. Superparamagnetism occurs for very small particles when the mag-
netocrystalline anisotropy energy is less than the thermal energy [DiPietro et al., 2010].

In this chapter, the results from structural and magnetic measurements on BiFeO3

films that were made by ion beam sputtering at ambient temperature and then an-
nealed in an oxygen atmosphere are presented. This method leads to superparamag-
netic nanocrystals and that the magnetisation is enhanced by iron oxide in the BiFeO3

film. Also presented: the results of magnetic measurements, optical band gap, MCD,
MOKE and Piezoelectric force microscopy (PFM) of these BiFeO3 thin films. MOKE is
a novel analysis technique on BiFeO3 with little data available from literature on thin
films and comparison is therefore limited, so this report will focus on the BiFeO3 thin
film and comparison with possible elements, namely bismuth oxides, iron oxides and
bismuth ferrite, that could be in our thin film.
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4.2 Experimental details of ion beam sputtering

The films were synthesised with a targeted thickness of 100 nm by ion beam sputtering
at ambient temperature. The details are presented in subsection 3.2.1. The samples
were annealed at 300 °C, 400 °C, 500 °C and 600 °C for 15 minutes. The details of
annealing are found in subsection 3.2.3. To analysis the optimisation of the synthesis,
one further sample was annealed for 7 hours at 500 °C. This chapter is centred on the
optimised sample, annealed at 500 °C for 15 minutes. Other samples are analysed more
in depth and compared at the end of this chapter.

4.3 Synthesis and structure of BiFeO3: ion beam sputter-

ing

The synthesis of BiFeO3 is achieved by ion beam sputtering. The sputter target is made
of a mix of bismuth, bismuth oxide, iron oxides, bismuth ferrite oxide and bismuth
ferrite. The nano-particles in this film are grown by annealing in a furnace with an
oxygen atmosphere. In the following subsections, the structure is confirmed and the
potential secondary phases of the thin film are analysed.

4.3.1 Rutherford backscattering, RBS

RBS measured the elastic scattering of alpha particles scattered from the atoms of the
films. The kinematic factor provides the expected scattered energy for every element
and isotope. This is shown in Figure 4.3.1 for the Bi, Fe, Si and O positions. The number
of counts per unit area is an indication of the stoichiometry/composition of the film.
The energy variation, the difference between the energy of the backscattered particle
from the surface of the film and at the interface of the substrate and the film, is caused
by the electronic stopping power and allows one to determine the depth resolution and
provide an accurate estimation of the layer thicknesses (at.cm−2). SRIM data is used to
estimate the density of each layers according to the theoretical relative concentration
of atoms in each layer. From the density (at.cm−3), an estimate of the thickness (nm)
for each layer are calculated.

Figure 4.3.1 shows the RBS data from an (a) as-made film and (b) a 500 °C an-
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nealed film. The peaks from Bi and Fe can clearly be seen, as well as the Si edges and
lower energy peaks from oxygen in the sputtered film and the SiO2 film. Two Si edges
are evident in the RBS data, SiO2:Si interface and bulk Si from the substrate. The Bi
and Fe dose were calculated by RUMP fits [Doolittle, 1985]. The as-made film has a
Bi dose of 1.55×1017 at.cm−2 and a Fe dose of 1.80×1017 at.cm−2. The detailed of the
RUMP fit is presented in Section B.1. The RUMP fit has a surface layer, 2×1017 at.cm−2,
compose of Bi1, Fe1 and O4. The density is estimated by SRIM at 4.28×1022 at.cm−3

[Ziegler, 1998], so the layer is estimated to be 47 nm. This stoichiometry suggests a
mix of bismuth oxide Bi2O3 and iron oxide Fe2O3. The second layer, 4.75×1017 at.cm−2,
is composed of Bi1, Fe1.3 and O1.9. The density is 4.41×1022 at.cm−3, so the layer is
108 nm. This stoichiometry suggests a mix of Bi, bismuth oxide Bi2O3 and iron oxides
e.g. Fe2O3, Fe3O4 and FeO. Those phases are analysed in more details by XRD, Raman
spectroscopy, TEM and magnetic moment in the following section. The two layers of
bismuth ferrite oxides have a total thickness of about 160 nm close to the theoretical
deposition of 150 nm. The third layer is the SiO2 layer, RUMP fit estimates the thick-
ness at 5.5×1017 at.cm−2, with the SRIM density calculated at 5.18×1022 at.cm−3, the
thickness is 106 nm. The manufacturer of this substrate specified an oxide layer ther-
mally grown at 100±30 nm. The layer below is the bulk silicon from the substrate. This
analysis suggests that the deposited layer is oxygen deficient.
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(a) as-made film. (b) 500 °C annealed film.
Figure 4.3.1: RBS spectra of thin film (circle) data along with the RUMP fit (line).

The annealed film’s RUMP fit shows a film that gain oxygen. This film has a Bi
dose of 1.54×1017 cm−2 and a Fe dose of 1.80×1017 cm−2. The comparison before and
after annealing of the dose indicates that bismuth and iron have not evaporated in sig-
nificant quantity. Details of the RUMP fit are presented in Section B.1. The RUMP fit
has a surface layer, 7×1022 at.cm−2, Bi1, Fe1.2 and O3.6. This stoichiometry suggests the
presence of BiFeO3 and iron oxide Fe2O3. Further analysis will confirm the phases,



76 CHAPTER 4. BIFEO3 THIN FILM

magnetic measurement will discuss the concentration of iron oxide in the film. With a
density of 4.40×1022 at.cm−2, the thickness of that layer is 160 nm. The second layer is,
2.4×1022 at.cm−2, Bi1, Fe1.8, O4.2, Si1.7. The density is 4.81×1022 at.cm−3, with a thick-
ness of 50 nm. The stoichiometry can be explained by a combination of BiFeO3, SiO2

and iron oxides. The third layer is composed of, 6×1022 at.cm−2, Bi0.02 and SiO2, with a
density of 5.03×1022 at.cm−3, this layer is 119 nm. The fourth layer is, 5×1022 at.cm−2,
Bi0.004 and Si1. The density is 4.9×1022 at.cm−3, 100 nm. Those two layers and the fol-
lowing one, presented in Section B.1, have two options to explain the physics. Option
1 is bismuth diffusion through the SiO2 and bulk Si layers which is possible as the bis-
muth diffusion through SiO2 reported to be ∼10−14 cm2 s−1 at 800 °C [Büngener et al.,
2003]. Option 2, the bismuth seen in small fraction in the SiO2 layer could be due to
the low resolution of the detector, the background count is about 5. There is also the
possibility that both effects are seen in the spectra.

Figure 4.3.1 shows backscattered particles from bismuth, iron, oxygen and silicon.
No other trace of contamination is visible. Particle-induced X-ray emission (PIXE) was
also performed qualitatively while studying the RBS spectrograph. PIXE examines the
X-ray emission resulting from the interaction of the incident beam with the sample
target. Neither RBS or PIXE showed any elements that could create a contamination of
the films at limits of detection of less than 100 ppm. The material phases and potential
contamination sources require further investigation. That investigation will be detailed
in following subsections, 4.3 through 4.6.

4.3.2 X-ray diffraction, XRD

After a discussion about the composition of the film, XRD analysis provides a detailed
study of the phases in the films and as established from the literature review the crystal
structure is important for the film to display the proper magnetic and electric proper-
ties. The as-made film displays a Bi phase and a broad shoulder that could be Bi2O3

or BiFexOy, bismuth oxide phase was also suggested by RBS analysis. The peak, 36°,
is not clearly discernible due to these phases being from small particles. To obtain the
required phase, samples were annealed at intermediate temperature of 200 °C, 300 °C
and 400 °C (see Section 4.9). However, BiFeO3 rhombohedral phase forms only after
annealing the sample at 500 °C, Figure 4.3.2 (b). The peaks are broad which is measure
of nanocrystalline material. A secondary phase of Bi2O3 is observed in the XRD, while
RBS analysis suggests the presence of iron oxide secondary phase. The iron oxide sec-
ondary phase will be discussed with the magnetic measurements.
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Figure 4.3.2: XRD, grazing angle 2°, from (a) as-made and (b) 500 °C annealed films. The
asterisks in (a), green, and (b), red, indicate an unknown BiFexOy and Bi2O3

phases. The Miller indices are shown above the peaks of (a) Bi and (b) BiFeO3.

The XRD data from an as-made film is plotted in Figure 4.3.2 (a). The main peaks
can be assigned to rhombohedral Bi with a R-3m space group (JCPDS 00005-0519); the
Miller indices are indicated in the figure. The broadening of the XRD peaks indicates
that there are Bi nanocrystals, with an average diameter of 9.3±0.3 nm as estimated
using the (104) peak and the Scherrer equation, equation 3.3.11. There is also a broad
high-angle shoulder on the Bi (012) peak, indicated by an asterisk, that shows the pres-
ence of other phases. These phases could include β-Bi2O3 (JCPDS 01-078-1793), which
usually forms at low temperatures [Salazar-Pérez et al., 2005; Steele and Lewis, 2014],
and Bi2Fe4O9 (JCPDS 00-025-0090) which has his most intense peaks in the region be-
tween 33° to 36°. The absence of a clearly discernible peak could be due to these phases
having particle sizes below the limit of detection, resulting in a broadening of the XRD
peaks or small X-ray form factors (i.e. the X-ray form factors are small for the elements
in FeOx when compared with Bi).

Annealing at 500 °C leads to completely different X-rays diffraction peaks, as can
be seen in Figure 4.3.2 (b). The main peaks can be assigned to rhombohedral BiFeO3

with a R3c space group (JCPDS 01-082-1254) with the Miller indices shown in the fig-
ure. The peaks are broad, indicating that the film is nanocrystalline. Using the (012)
peak with the Scherrer equation, equation 3.3.11, the average particle size is estimated
at 12.9±0.7 nm. There is also a broad low-angle shoulder on the closely spaced (104)
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and (110) peaks, indicating the presence of some secondary phases. The broadening
cannot be due to any of the known iron oxides, or Bi2Fe4O9. Thus, a small phase frac-
tion of the Bi2O3 phase explained the feature at 36°. There is no evidence of iron oxide
phases in the XRD data.

From the analysis of the data presented in Figure 4.3.2, the presence of iron oxides
cannot be excluded. A FexOy phase could be amorphous or the crystallite sizes too
small compared to the bismuth compounds to be clearly visible. This could explain
some behaviour in the magnetic analysis (Section 4.4) and the superparamagnetism of
BiFeO3 at the nanoscale. The presence of such a FexOy phase is also discussed in the
analysis of the Raman spectra in subsection 4.3.5.
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Figure 4.3.3: X-ray diffraction of the BiFeO3 sputter target, (top) is the face that was used to
sputter thin films and (bottom) is the face that was not sputtered.

Figure 4.3.3 shows the XRD analysis of the sputter target used to synthesise the
BiFeO3 thin film. Like the thin film, the sputter target did not show traces of any
elements other than bismuth, iron and oxygen in the RBS and XRD analysis. However,
the XRD analysis, Figure 4.3.3, clearly shows the presence of bismuth and Bi2Fe4O9

on both the sputtered and not sputtered face. XRD diffraction pattern is not sensitive
enough to distinguish between the presence of maghemite and magnetite, both phases
are possibly present on both sides of the target material. BiFeO3 is possibly present
on both side, however the “not sputtered” side of the target seems to contain slightly
more BiFeO3 than the sputtered side, while hematite is more present on the sputtered
side than the non-sputtered side. The BiFeO3 comparison is based in part from the
peak at 26°. Bi2Fe4O9 is also present on both side of the target and the quantity seems



4.3 Synthesis and structure of BiFeO3: ion beam sputtering 79

to be increasing with sputtering, the peak intensity increase at 34° and 35°. The XRD
analyse shows a difference in the peak intensity before and after the target was used
for sputtering confirming the sputtering process modified the phases on the sputter
target. The sputtering yields of bismuth, iron and oxygen are different [Nastasi et al.,
2004], a 20 keV Ar+ sputters between 0.88 and 3.84 bismuth atoms per argon ion [Deoli
et al., 2014], between 2.1±0.3 and 3.7±0.5 iron atoms per argon ion [Viefhaus et al.,
1994] and more than 2 oxygen atoms per argon ion [Seah, 1981]. Which the target
heating (similar to annealing the film) could explained the modification of composition
and phases in the sputter target. Before and after using the target for sputtering, this
bulk material contains secondary phases. This increases the difficulty to sputter a pure
BiFeO3 thin film. Most of these secondary phases can be removed by annealing the
film. A secondary phases free target could increase the phase purity of the sputter
film. However, deposing a phase pure film would be unlikely as the target heating
from the interaction with Ar ions may results in the decomposition of BiFeO3, BiFeO3

has a melting temperature around 880 K [Rojac et al., 2014].

The XRD analysis provides insight into the ion beam sputtering synthesis of
BiFeO3. The sputtering yields of bismuth, iron and oxygen compounds would be sim-
ilar if the concentration of these elements were equivalent in the sputtering area of
the target. The as-made film contains a significant amount of secondary phases and
annealing provides ion mobility to reduce the concentration of secondary phases in
the thin film, transforming some of the secondary phases into multiferroic BiFeO3 R3c
film.

4.3.3 Atomic force microscopy, AFM

The RBS (subsection 4.3.1) and the atomic force microscopy (AFM) analyses confirm
that annealing thin films up to 500 °C does not create a major composition modifica-
tion; annealing rather results in phase modification as discussed in subsection 4.3.2.
Atomic force microscopy shows that both the as-made and annealed film have a rela-
tively smooth surface, as the roughness of the samples is similar. The grain size of the
surface topography (compared to the smooth background) is about 30±4 nm in the as-
made film, while the grain size in the annealed sample grew to 36±4 nm. The increased
grain size in the thin film is negligible as expected from the explanation of Murmu et al.
[2012]; the mobility and in some cases the diffusivity of the ions is responsible for the
growing process [Yan et al., 2008]. The increased BiFeO3 grain size also increases the
leakage current [Simões et al., 2007]. This leakage current could increase the challenge
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of defining an electrical domain, so the comparison with the piezoelectric study could
be of limited value.

(a) as-made film. (b) 500 °C annealed film.
Figure 4.3.4: AFM 3D topography of sputtered film.

4.3.4 Transmission electron microscopy, TEM

Transmission electron microscopy was used to characterise the micro-structure of the
film. The sample preparation used the focus ion beam, FIB, in place of the common
ion milling technique. The sample was coated with Pt and C to clear the surfaces
image. The TEM resolution is limited by the electron diffraction. The cross-section
shows contrast regions, Figure 4.3.5, and 4.3.7, that indicate nanoscale phase separation
likely to be, in the case of the as-made sample, Bi nanocrystals as seen in the XRD
data and BiFexOy phases. The Figure 4.3.6 shows a SAED micrograph, discrete points
form diffraction rings, which is used to estimate the d-spacing and the phase present.
The as-made film shows Bi, Magnetite (Fe3O4) or maghemite (γ-Fe2O3). From Raman
spectroscopy analyse, magnetite and maghemite are present in the film. There is no
clear evidence of other phases, which may be due to estimated particle size being near
the limit of detection, i.e. < 5 nm, as suggested from the XRD data.

A TEM image from an as-made film can be seen in Figure 4.3.5. There is nanos-
tructure, which is more evident in the higher resolution image in the Figure 4.3.7.
The dark and light regions indicate nanoscale phase separation that is likely to be Bi
nanocrystals seen in the XRD data and BiFexOy phases. Figure 4.3.6 shows a SAED
micrograph. There are discrete points that form rings from different phases and corre-
spond to different crystallographic directions. However, since the orientation of each
phase with respect to the incident electron beam is not known, each lattice plane cannot
possibly uniquely determine. All possible orientations will form a ring and this can be
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Figure 4.3.5: Cross-sectional TEM images of an as-made film deposited on SiO2:Si. The film
was carbon-coated then platinum-coated for the TEM measurements.

Figure 4.3.6: SAED micrograph of as-made film deposited. The circles show d-spacing from
Bi (red), Fe3O4 or γ-Fe2O3 (yellow), and FeO (purple).
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Figure 4.3.7: Cross-sectional, higher resolution, TEM images of an as-made film deposited
on SiO2:Si.

used to estimate the d-spacing and the phase. This has been done, and the correspond-
ing rings for each phase are shown with dashed circles in Figure 4.3.6 Rhombohedral
Bi can be seen and the d spacing corresponds to the (003), (012), (104) and (110) planes.
Magnetite (Fe3O4) or maghemite (γ-Fe2O3) are also present and the rings are from the
(220) and (311) planes. Magnetite and maghemite are not distinguishable in SAED
analyse because both iron oxide phases are cubic with a Fd-3m space group and sim-
ilar lattice parameters. The Raman data shows, subsection 4.3.5, that magnetite and
maghemite are present. Magnetite is a ferrimagnetic metal with a Curie temperature
of 858 K while maghemite is a ferrimagnetic semiconductor with a Néel temperature
of 610 K. There is also some Rhombohedral FeO (JCPDS 01-089-0690) with a ring from
the (024) plane. FeO is an antiferromagnetic semiconductor with a Néel temperature
of 198 K. The iron oxide phases were not seen in the XRD data, which is likely due to
the significantly smaller X-ray form factor of Fe in iron oxides when compared with
Bi [Rieker et al., 1999]. There is no clear evidence for any Bi2O3 phases or any other
phase, which could be due to their particles sizes being very small as suggested from
the XRD data.

The TEM images from the 500 °C annealed film can be seen in Figure 4.3.8 and
4.3.10, where nanostructure is observed. After annealing the TEM image shows more
contrast, sign of nanostructure, than the as-made TEM Figure 4.3.5 and 4.3.7. The
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Figure 4.3.8: Cross-sectional TEM images of the 500 °C annealed film deposited on SiO2:Si.
The film was carbon-coated then platinum-coated for the TEM measurements.

Figure 4.3.9: SAED micrograph of 500 °C annealed film deposited. The red circles show
BiFeO3 d-spacing.
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Figure 4.3.10: Cross-sectional, higher resolution, TEM images of 500 °C annealed thin film
deposited on SiO2:Si.

higher-resolution TEM image is showing a clear comparison, Figure 4.3.7 and Fig-
ure 4.3.10. A SAED micrograph is shown in Figure 4.3.9, in which there are discrete
spots that indicate a small number of nanocrystals. The rings in the micrograph all
correspond to planes from rhombohedral BiFeO3. There is no evidence for any iron
oxide, Bi2O3 phases, or other phases. If they are present, then either they are amor-
phous, the nanocrystals are too small to be observed, or they are absent in the region
selected for SAED. Other characterisations techniques (Raman spectroscopy, subsec-
tion 4.3.5, and magnetisation data, Section 4.4) show that the latter is the most likely
scenario.

Cross-section of the samples is clearly visible in Figure 4.3.8 and 4.3.10. The white
layer is the SiO2 from the substrate, the greyish area is the Si bulk layer in the substrate,
and the dark layer is the BiFeO3. The TEM analysis does not show clearly-defined
nanoparticles, however considerable nanoscale structures are shown in the XRD anal-
ysis, subsection 4.3.2, due to the nanocrystalline nature of the films. So, like the Raman
spectroscopy analysis, TEM analysis suggest that iron oxides may be present in small
particles. Both analysis techniques confirm that after annealing the thin film, BiFeO3

nanostructured materials are formed.
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4.3.5 Raman spectroscopy
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Figure 4.3.11: (a) Raman spectra from the as-made film at 300 K. Inset: The same Raman spec-
tra at higher intensities showing the main Bi Raman peak [Salazar-Pérez et al.,
2005; Steele and Lewis, 2014]. (b) Raman spectra from the 500 °C annealed film
at 83 K. The BiFeO3 peaks are indicated with asterisks [Rout et al., 2009]. The
Raman shift at 521 cm−1 is from the Si substrate.

Raman spectroscopy was used as a complementary analysis technique for struc-
ture analysis. Raman spectroscopy displays the normal mode or Raman active mode
of the sample. The as-made sample displays Bi and Bi2O3 Raman modes. As XRD
does not displays Bi2O3, this result suggests that the bismuth oxide is in a small phase
fraction.
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After annealing the sample, Raman spectroscopy shows 11 Raman active modes
identified to BiFeO3, this agrees with the XRD analysis. The Raman mode also shows
the presence of iron oxides phases, also suggested from the RBS analysis.

Raman measurements were performed on the as-made and the 500 °C annealed
films, and the results are shown in Figure 4.3.11 without any baseline subtraction.
There is an intense peak at 97 cm−1 (Figure 4.3.11 (a) inset) that can be attributed to
rhombohedral Bi Salazar-Pérez et al., 2005 that is also seen in the XRD and SAED data.
Four peaks can be seen at higher wavenumbers at 125 cm−1, 186 cm−1, 315 cm−1, and
522 cm−1 (Figure 4.3.11 (a)). The 186 cm−1 peak is a weak second order rhombohe-
dral Bi peak from the 97 cm−1 peak. The peaks at 125 cm−1 and 315 cm−1 can be
attributed to β-Bi2O3 [Salazar-Pérez et al., 2005; Steele and Lewis, 2014; Kumari et al.,
2007]. This phase is not seen in the XRD data, likely because the phase fraction is
small. The 521 cm−1 peak is due to the crystalline silicon substrate. There is addi-
tional Raman scattering at higher wavenumbers extending to ∼800 cm−1 that cannot
be due to Bi, Bi2O3, or even Bi2Fe4O9 [Iliev et al., 2010]. The high wavenumber Raman
shift is likely arising from iron oxides. For example, the A1g Raman modes from mag-
netite and maghemite occur at 672 cm−1 and 700 cm−1 in the bulk, while bulk hematite
(α-Fe2O3) has an Eg mode at 615 cm−1 [Jubb and Allen, 2010]. Hematite is an antifer-
romagnetic semiconductor with a Néel temperature, TN , of 948 K. FeO has an active
move at 656 cm−1 [Jallad and Ben-Amotz, 2001].

The Raman spectrum of the 500 °C annealed film at 83 K has significantly more
peaks than seen before annealing. The peaks marked by asterisks can be attributed
to rhombohedral BiFeO3 where 4A1 and 9E Raman active modes are expected [Rout
et al., 2009]. The appearance of BiFeO3 in the Raman data is consistent with the XRD
and SAED analysis. The Raman measurements were made at 83 K because the peak
intensities are sufficiently enhanced at low temperatures to observe the BiFeO3 Raman
active modes [Rout et al., 2009]. Measurements were also made at 300 K (Section 4.9)
confirming that the Raman peaks moved to lower wavenumbers with a decreasing
temperature, which is consistent with the expected lattice expansion as the temper-
ature increases [Rout et al., 2009]. The crystalline silicon substrate peak at 521 cm−1

is more intense than that seen before annealing. This difference is likely because Bi
is a metal, and hence there is significant laser light absorption from the metallic Bi
nanocrystals before annealing. However, BiFeO3 is semiconducting with an optical
band gap of 2.5 eV [Liu et al., 2011], and hence significant optical absorption is only
expected below ∼496 nm, so more light can pass through the film to the crystalline
Si substrate. There is also Raman shift above ∼570 cm−1 extending out to ∼800 cm−1

which is not due to BiFeO3. This likely arises from iron oxides, where the maghemite
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Eg, magnetite A1g, and hematite A1g peak wavenumbers seen in the bulk material are
indicated in Figure 4.3.11 (b). A higher energy peak (not shown) is found at 1260 cm−1,
along with a weaker peak at 1095 cm−1 and an even weaker peak at 1148 cm−1. These
peaks are too low in energy to be attributed to a hematite two phonon peak that occurs
at 1320 cm−1 or the two-magnon peak that occurs at a higher wavenumber [Massey
et al., 1990]. They also cannot be attributed to two-phonon peaks from other iron ox-
ide phases. The 1260 cm−1 and 1095 cm−1 peaks are close to those observed in BiFeO3

and can be assigned to BiFeO3 [Ortiz-Quiñonez et al., 2013]. The origin of the weak
1118 cm−1 peak is not clear, however iron oxide phases could explain that feature.

4.3.6 Optical measurements
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Figure 4.3.12: Tauc plot of BiFeO3 annealed, 500 °C, thin film on quartz.
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Figure 4.3.13: Optical transmission of the as-made and annealed BiFeO3 thin film. Samples
sputtered on quartz.
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The optical band gap analysis confirms a phase transition after annealing, how-
ever this analyse does not confirm exact composition of the films. Figure 4.3.13 shows
a transmission of the as-made and annealed BiFeO3 samples. The absorption coeffi-
cient is calculated from the measured transmission [Basu et al., 2008]. The absorption
data shows, Figure 4.3.13, the as-made film absorbs nearly 98% and after annealing at
500 °C, the BiFeO3 film absorbs or reflects up to 4% of the light below 700 nm. The high
absorption of light from the as-made film is consistent with the Raman spectroscopy
where the laser light seems to be absorbed before reaching the silicon substrate. Raman
and XRD analysis both display the presence of metal bismuth. The metallic behaviour
of bismuth could be the source of the absorption. The annealed film has a much higher
light transmission. The dash-line curve in the Figure 4.3.13 is an interference pattern fit
on the light transmission of the annealed film. The interference is described with the
equation 4.3.1:

T =
r212 + r223 + 2 r12 r23 cos θ

1 + (r12 r23)2 + 2r12 r23 cos θ
.

Where,

r12 =
n1 − n2

n1 + n2

, r23 =
n2 − n3

n2 + n3

and θ =
4 d π n2

λ
.

(4.3.1)

n is the refractive index of the material where n1 is the refractive index of air, n2

is linked to the sputtered film and n3 is for the quartz, d is the thickness of the film, λ is
the wavelength of the incident light. The interference fit the data at wavelength above
700 nm, where the light absorption is minimum below that wavelength the absorption
increases the inaccuracy of the fit. The fit shows a refractive index of 2.45 combined
with a film thickness of 120 nm (equation 4.3.1).

The direct and indirect optical band gap values are extrapolated from the absorp-
tion coefficient, (αE)2 and (αE)1/2 as a function of the energy [Ramachandran et al.,
2010; Tauc et al., 1966]. Figure 4.3.12 shows the extrapolation of the most abrupt slope,
providing the value of the optical band gap, discussed in subsection 3.3.6, of the an-
nealed sample [Basu et al., 2008]. The optical band gap value after annealing the thin
film is 2.75 eV, as displayed in Figure 4.3.12. That value was confirmed with another set
of samples. Tauc plot is based on the absorption coefficient; the coefficient is calculated
with the absorption also converted from the transmission measurements [Tauc et al.,
1966]. The annealed thin film has an optical band gap of about 2.75 eV, which agrees
with previously reported BiFeO3 band gap, ranging from 2.2 eV [Chen et al., 2011] to
2.8 eV [Yang et al., 2010a]. A smaller band gap could be attributed to a deficiency of



4.4 Magnetic properties of BiFeO3 at nanoscale 89

bismuth, or bismuth poor material [Ihlefeld et al., 2008]. The band gap of Bi2O3 is
2.8 eV [Bian et al., 2008], hematite Fe2O3 is 2.1 eV [Meng et al., 2011], maghemite Fe2O3

is 2.3 eV [Chirita et al., 2009], magnetite Fe3O4 is 0.5 eV [Jeng and Guo, 2002] and
Bi2Fe4O9 is about 2 eV [Liu et al., 2012]. A full study of the BiFeO3 band gap concluded
that there is a direct optical band gap of 2.5 eV [Ihlefeld et al., 2008]. Any deviation
from that value is a useful tool to determine if the film is rich in either bismuth or oxy-
gen [Pisarev et al., 2009]. The optical indirect band gap is about 1.8 eV (not shown)
which is close to the value reported by Fruth et al. [2007] of 2.0±0.1 eV.

The optical indirect band gap Tauc plot [Tauc et al., 1966], not shown, is not reli-
able as the transition energy is below 2 eV. Below 2 eV, there is a distribution of energy
affected by light interference of the substrate and thus the extrapolation of the optical
indirect band gap is difficult to estimate. Analysing the measured optical band gap
confirms a structural modification happened after annealing the sample. As displayed
in equation 4.3.1, the as-made film is highly absorbing while the annealed film is not.
The as-made high absorption coefficient agrees with a material containing metal Bi and
magnetite as discussed with XRD and Raman analysis. While, after annealing the thin
film at 500 °C, the light absorption coefficient is low which would agree with the XRD
and Raman analysis of a film mainly compose of BiFeO3, a semiconductor with a band
gap value comparable to the literature [Yang et al., 2010b]. These results, like the pre-
vious results, subsection X-ray diffraction, do not totally exclude the presence of iron
oxide, bismuth oxides or bismuth ferrite’s mixed phases in the thin film. In fact, the
literature value of Fe2O3 maghemite [Chirita et al., 2009] is just within the range of un-
certainty of the measurement presented in this section. The optical analysis technique
cannot be used to confirm the structure of the film; however, the phase modification is
confirmed by the increase of light transmission with annealing and the modification of
the optical band gap value.

4.4 Magnetic properties of BiFeO3 at nanoscale

This section focuses on the magnetic properties, subsection 4.4.1 Magnetic order, sub-
section 4.4.2 Superparamagnetism, subsection 4.4.3 Exchange bias and subsection 4.4.4
Magnetic force microscopy. The effect of annealing the thin film on the magnetic data
is also analysed.
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4.4.1 Magnetic order
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Figure 4.4.1: Magnetic moment per Fe from an as-made film at 5 K (open circles) and 300 K
(filled circles) cooled in an applied magnetic field of 6 T. Upper left inset: The
same data over a smaller magnetic field range. Lower right inset: Plot of the
normalised saturation moment per Fe versus temperature at 6 T. Also shown is
a fit with equation 3.3.22 (dashed curve).

Magnetic measurements were performed on an as-made film; the resultant mag-
netic moment per Fe, mFe, is plotted in Figure 4.4.1 at 5 K and 300 K after subtracting
the diamagnetic moment from the silicon substrate using equation 3.3.21, χSi is the sili-
con susceptibility (-3.26×10−6 emu) measured with the SQUID and nFe is the Fe fluence
estimated from the RBS data. mFe is increasing rapidly up to ∼0.9 T and then increases
at a much slower rate. This is indicative of the presence of ferrimagnetic order from
Fe3O4 and γ-Fe2O3, where the absence of complete saturation even at 6 T may in part
be due to the appearance of a spin glass phase in the film that exists at ambient tem-
perature. The bulk compounds have a saturation moment per Fe, ms,Fe, of 1.35 µB

for Fe3O4 and 1.25 µB for γ-Fe2O3 [Cullity and Graham, 2009]. mFe at 6 T and 5 K is
0.73 µB; this would suggest that between ∼54% to ∼58% of the available Fe is in Fe3O4

and γ-Fe2O3 nanoparticle form. The remaining Fe is in antiferromagnetic or paramag-
netic BiFexOy phases that could include antiferromagnetic hematite, antiferromagnetic
Bi2Fe4O9 with a Néel temperature between 237 K and 265 K [Irshad et al., 2015], and
antiferromagnetic FeO (TN = 198 K).

The temperature dependence of mFe at 6 T, mFe(6 T), is plotted in the lower inset
to Figure 4.4.1. This inset shows that mFe(6 T) is monotonically decreases with increas-
ing temperature, which is due to the presence of spin-waves. In general, ms,Fe can be
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written at low temperatures as equation 3.3.22 [Bloch, 1930].
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Figure 4.4.2: Magnetic moment per Fe for as-made and 500 °C annealed BiFeO3 film at 5 K.
Inset: magnified version of 500 °C annealed BiFeO3 film at 5 K and 300 K.

When comparing the magnetic moment at 6 T with the expected magnetic mo-
ment of 0.02 µB/Fe, the measured magnetic moment displays an enhance magnetic
moment cause by iron oxide. The as-made film contains a significant amount of iron
oxide as described by TEM and now confirm with magnetic measurements.

The inset of Figure 4.4.2 displays a magnified comparison of the annealed sample
measured at ambient temperature and low temperature. The closing of the hystere-
sis loop at ambient temperature suggest the presence of a superparamagnetic material.
When the nanoparticles size is comparable to the domain size the competition between
the thermal and the anisotropy energy result in the superparamagnetic state. The mag-
netisation curves at 5 K and 300 K are similar to those of the as-made film, suggesting
a common magnetic phase in both film. That magnetic phase could be magnetite or
maghemite. The comparison between the as-made and annealed film, Figure 4.4.2,
shows a reduction of about 60% of the magnetic moment in a high applied magnetic
field, this suggest some Fe in magnetite and maghemite become BiFeO3 after anneal-
ing. This conclusion is consistent with other analysis (e.g. Raman spectroscopy and
XRD).
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4.4.2 Superparamagnetism

This analysis requires the equation 3.3.22. In this case, ms,Fe(0) is the saturation mo-
ment per Fe at 0 K, n is the exponent, and D the temperature prefactor and related to
the spin stiffness. For a bulk 3D Heisenberg ferromagnet, n equal 3/2 [Bloch, 1930;
Martinez et al., 1996]. This can change for small nanoparticles, where the finite par-
ticle size cuts off the long wavelength spin-waves and can lead to an n of 2 [Hen-
driksen et al., 1993]. Values much less than 3/2 can occur in thin film composites
containing magnetic nanoparticles due to the different spin-wave boundary condi-
tions and spin-wave propagation between nanoparticles [Cojocaru et al., 2014]. An
n value of 3/2 is not expected over the full temperature range up to 300 K for bulk
magnetite or maghemite, where the use of two or three magnetic sublattices is re-
quired and can lead to a different n over an extended temperature range [Srivastava
and Aiyar, 1987; Aragón, 1992]. At low temperature, the bulk magnetite has been
reported with n = 3/2 for [Aragón, 1992; Prakash et al., 2016b]. In magnetite pow-
ders made by an arc-discharge method, above the Verwey transition temperature of
120 K, n is 2.26 [Prakash et al., 2016b] and in a single crystal magnetite has a value
of 3 [Aragón, 1992]. The Verwey transition is not observed in the ms,Fe(T) data for
small magnetite nanoparticles. n values of 3/2 [Martinez et al., 1996; Goya et al., 2003]
and 2 [Ortega et al., 2010] have been reported up to 300 K. mFe(6 T) data was fitted in
the lower inset in Figure 4.4.1 to equation 3.3.22, the fit was carried out with n = 3/2

and D = 6.2 × 10−5 K−3/2. These values are comparable to those reported for Fe3O4

nanoparticles, where D = 3.3× 10−5 K−3/2 has been reported for 4 nm diameter Fe3O4

nanoparticles [Goya et al., 2003] and D = 2.8 × 10−5 K−3/2 for 10−15 nm diameter γ-
Fe2O3 nanoparticles [Martinez et al., 1996]. This is significantly larger than the bulk
magnetite value of D = 4.4 × 10−6 K−3/2 [Prakash et al., 2016b]. There is also no evi-
dence of the Verwey transition, which indicates that the magnetite and maghemite are
in nanoparticle form.

The upper inset of Figure 4.4.1 displays a large hysteresis loop at 5 K that becomes
negligible at 300 K for an as-made film. This suggests that the iron oxide nanoparti-
cles are superparamagnetic. Superparamagnetism occurs when the thermal energy is
greater than the magnetocrystalline anisotropy energy. This can be observed by mea-
suring zero-field-cooled (ZFC) and field-cooled (FC) curves at low magnetic fields. The
temperature where the ZFC curve reaches a peak can be taken as an estimate of the
blocking temperature, TB. For low magnetic nanoparticle concentrations, TB can be
written as equation 2.1.6 [DiPietro et al., 2010]. The ZFC peak temperature is known to
be higher in magnetite nanoparticles in compact powders when compared with mag-
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netite nanoparticles in solution, which has been attributed to dipolar interactions be-
tween the magnetite nanoparticles [Vargas et al., 2005; Nadeem et al., 2011].
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Figure 4.4.3: Plot of the ZFC (solid curve) and FC magnetisation (dashed curve) at 10 mT for
an as-made film. Inset shows the FC curve over a smaller temperature range.

Figure 4.4.3 shows the ZFC and FC magnetisation measurement from an as-made
film of a magnetic moment in an applied magnetic field of 10 mT as a function of tem-
perature. There is a peak at 216 K in the ZFC data that indicates the presence of su-
perparamagnetic magnetite and maghemite nanoparticles. Hysteresis is evident up to
the highest measured temperature, which likely arises from a range of nanoparticle
sizes. Superparamagnetism also affects the magnetic field dependence of the magneti-
sation above the blocking temperature. mFe(B) can be modelled for a narrow magnetite
nanoparticle distribution in compact superparamagnetic systems using a Langevin
function and a fictitious temperature, T*, to account for dipolar interactions [Vargas
et al., 2005; Nadeem et al., 2011]. The Figure 4.4.3 shows that the mFe(B) data at 300 K
does not fit the Langevin function very well. This is partly due to the wide range of
magnetite and maghemite nanoparticle sizes. mFe(B) at high magnetic fields increases
at a faster rate than expected from the Langevin function, which may be due to a spin
glass component in the film.

The inset to Figure 4.4.3 shows that the FC magnetisation does not follow the ex-
pected dependence on temperature for superparamagnetic nanoparticles, for which a
monotonic increase in the magnetisation with decreasing temperature should be ex-
pected. The FC curve has a small peak at 90 K that indicates the existence of another
magnetically-ordered phase. The initial decrease with decreasing temperature below
the 90 K peak is indicative of an antiferromagnetic phase. The origin of this phase is
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not clear, however this cannot arise from the known antiferromagnetic phases, since
their Néel temperatures are all greater than 198 K.
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Figure 4.4.4: Magnetic moment per Fe for the 500 °C annealed film at 5 K (open circles) and
300 K (filled circles) cooled in an applied magnetic field of 6 T. Upper right
inset: The same plot over a smaller field range. Lower left inset: plot of the
normalised saturation moment per Fe versus temperature at 6 T. Also shown is
a fit to equation 3.3.22 (dashed curve).

The magnetic moment per Fe is plotted in Figure 4.4.4 for the 500 °C annealed film
after subtracting the Si susceptibility using equation 3.3.21. The magnetisation curves
at 5 K and 300 K are similar to those of the as-made film plotted in Figure 4.4.1. The
magnetisation rapidly increases to ∼0.9 T and then increases at a slower rate. Further-
more, there is negligible hysteresis at 300 K, as can be seen in the inset of Figure 4.4.4,
which is indicative of superparamagnetism. This indicates that the magnetic data is
primarily from magnetite and maghemite. mFe at 6 T and 5 K is 0.44 µB, which is
60% of that found in an as-made film and shows that some of the Fe from magnetite
and maghemite is now in the BiFeO3 nanoparticles. mFe at 6 T is plotted in the lower
inset to Figure 4.4.4, where the data was fitted to equation 3.3.22 with n = 3/2 and
D = 6.2 × 10−5 K−3/2. The value of D is only slightly higher than that found before
annealing and is consistent with the presence of magnetite and maghemite nanoparti-
cles.

Figure 4.4.5 shows that the low field ZFC and FC magnetisation data for the
500 °C film are similar to those from the as-made film, however the peak in the ZFC
data is slightly lower at 160 K. The appearance of hysteresis up to the highest temper-
ature indicates that there is a distribution in the magnetic nanoparticle sizes. mFe(B)
data at 300 K does not fit the Langevin function. However, the magnetic field depen-
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dence of mFe(B) at 300 K is the same before and after annealing as can be seen in the
inset to Figure 4.4.5. This shows that the magnetite and maghemite nanoparticle size
distributions are similar and confirming that BiFeO3 does not significantly contribute
to the magnetic properties after annealing. BiFeO3 is known to have a small magnetic
moment. There is no evidence for the low temperature peak in the FC data that was
seen before annealing, which indicates that this antiferromagnetic phase has disap-
peared after annealing. There is only a small increase in the FC magnetisation gradient
below ∼60 K, which is also present before annealing.
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Figure 4.4.5: Plot of the ZFC (solid curve) and FC (dashed curve) magnetisation at 10 mT for
the 500 °C annealed film. Inset: Plot of the moment per Fe normalised to the
value at 6 T versus the magnetic field for an as-made film (open circles) and the
film annealed at 500 °C (open triangles).

4.4.3 Exchange bias

As Raman spectroscopy and the magnetic moment suggest the presence of a significant
amount of iron oxide, the Bloch model was used to fit the temperature dependence of
the magnetic moment at saturation. The fit corresponds to a ferromagnet that could be
either magnetite or maghemite.

Those phases have been reported to generate an exchange bias. The magnetisa-
tion curves at low temperature shows an asymmetry, a magnetic moment shift towards
the negative applied field is observed. These measurements were made after cooling
the sample, from 330 K, in an applied magnetic field of 6 T. The exchange bias occurs
when a ferromagnetic and antiferromagnetic interface pin some spin under the influ-
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ence of an applied field resulting in magnetic spin alignment resistance. While the ex-
change bias seen in the annealed sample reaches high temperature, there is still a quest
for ambient temperature exchange bias material [Martin et al., 2007]. The exchange
bias might be caused by a spin-disorder shell around the maghemite and magnetite.

Figure 4.4.6: The magnitude of the exchange bias, |Bex|, plotted against temperature for an
as-made film (filled circles) and after annealing at 500 °C (open circles). Inset
shows a plot of |Bex| for the annealed film. The dashed curve is a visual guide.

The upper right insets of Figure 4.4.1 and 4.4.4 displays asymetric magnetisation
curves with a shift in the curves towards negative B values. These measurements
were made while cooling in an applied magnetic field of +6 T. Cooling in an applied
magnetic field of -6 T produces a shift to positive B (not shown). This is indicative
of a negative exchange bias [Nogués and Schuller, 1999; Meiklejohn and Bean, 1957;
Malozemoff, 1987]. Figure 4.4.6 shows |Bex| obtained from the mFe(B) data plotted
against temperature, where |Bex| = (B+

c + B−
c )/2 and B+

c is the value of the magnetic
field where mFe(B)=0 for positive B and B−

c is the coercive field where mFe(B)=0 for
negative B. At the low temperatures, |Bex| has the highest value. |Bex| rapidly de-
creases with temperature for an as-made film and completely disappears by 30 K. |Bex|
is lower at 5 K after 500 °C annealing, however at higher temperatures |Bex| is larger
after annealing and only disappears above 250 K.

The core-shell structure can be visualised in Figure 4.4.7 [Hayes et al., 2014]. The
first on the left represents the case of superparamagnetic, core Fe3O4 in blue and shell
γ-Fe2O3 in green. The other representations are other possible magnetite-maghemite
core-shell configuration [Hayes et al., 2014]. The core-shell follows a similar magnetic
domain wall as described in the literature review [Hayes et al., 2014].
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Figure 4.4.7: Schematic representation of possible core-shell particles [Hayes et al., 2014].

The appearance of an exchange bias after deposition and only before anneal-
ing shows that the exchange bias cannot be attributed to BiFeO3 with a ferromag-
netic or spin glass shell, which has been reported in BiFeO3 nanoparticles [Park et al.,
2007; Mazumder et al., 2007; Dhir et al., 2015]. The exchange bias, therefore, likely
arises from the iron oxide phases. Exchange biases are known to occur in nanopar-
ticles that have ferromagnetic cores and antiferromagnetic shells where |Bex| is zero
above the Curie or Néel temperatures, depending on which is the lowest [Nogués and
Schuller, 1999]. In this case, |Bex| is zero at 30 K, which is far below the magnetite and
maghemite Currie temperatures, the Néel temperatures from the expected antiferro-
magnetic phases and the blocking temperature (subsection 4.4.2). |Bex| = 0 mT, 30 K is
also below the antiferromagnetic ordering temperature (90 K) of the unknown phase
that causes a peak in the FC magnetisation (see Figure 4.4.3, inset). The exchange
bias likely arises from a spin-disordered shell around the magnetite and maghemite
nanoparticles. This is known to occur in other ferrite nanoparticles [Mumtaz et al.,
2007; Kodama et al., 1996]. In this case study, the spin freezing temperature in the shell
region is less than 60 K.

The temperature at which |Bex| reaches zero after 500 °C annealing (∼250 K) is
far above the antiferromagnetic ordering temperature (90 K) of the unknown phase
that is seen before but not after annealing. This can be explained by the possible quan-
tity of magnetite and maghemite nanoparticles that have spin-disordered shells with
spin freezing temperatures that extend up to temperatures far above those seen be-
fore annealing. In this scenario, |Bex| should be zero above the blocking temperature.
As mentioned earlier, the ZFC data (Figure 4.4.7) has a peak at 160 K, indicating that
there are superparamagnetic nanoparticles. However, the appearance of hysteresis up
to 330 K shows that there are some nanoparticles with blocking temperatures up to at
least 330 K. Thus, the disappearance of |Bex| above 250 K is consistent with most of the
nanoparticles studied that display an exchange bias and having blocking temperatures
below ∼250 K.
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4.4.4 Magnetic force microscopy

MFM images display the topography in 3D and shown in Figure 4.4.8 and 4.4.9. The
colour represent the magnetic field measurements. The millivolt scale represents the
feedback of the magnetic field on the microscope tip. The colour yellow represent a
region of zero net magnetic moment, red is an upward net magnetic moment and blue
is downward net magnetic moment.

Figure 4.4.8: Magnetic force microscope (MFM) as-made.

Figure 4.4.9: Magnetic force microscope (MFM) annealed 500 °C, 15 min.

Magnetic force microscopy (MFM) is an available mode of operation at the AFM
at GNS Science. The AFM tip is magnetized to operate in MFM mode. AFM mode is
a topography measurement performed by scanning the tip on the surface of the thin
film in tapping mode. After the topography of the sample is determined, the tip will
remain at a distance of 200 nm above the film. The tip scans the surface of the sample
and reacts to the dipole moment of the sample, either by torsion or a displacement in
the z-axis. The combination of the AFM image with the magnetic response is shown
in Figure 4.4.8 and 4.4.9. The topographic features are from the AFM image taken
on the forward scan, while the colour scheme indicates the magnetic response on the
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backward scan. The colours show the different polarisation orientations, with red indi-
cating a spin polarisation in the opposite direction to the spin polarisation coloured in
blue. MFM images conclusively shows magnetic moment domains, the colour scales
are not caused by the tip touching the surface. The image displays the actual magnetic
moment of the sample.

The MFM images are consistent, with a phase transition through the annealing
temperature. The as-made thin film displays a surface layer containing a high mag-
netic moment compared to the annealed samples. MFM images also show a large
variation in the moment, from -5° to +5° and amplitude of -10 mV to 10 mV. This could
be caused by the significant amount of Fe3O4 and γ-Fe2O3, about ∼58%, as discussed
in subsection 4.4.1 Magnetic order. The annealed BiFeO3 MFM is more homogeneous
(Figure 4.4.9) than the as-made film (Figure 4.4.8). This is consistent with a decrease in
iron oxides, as discussed in subsection 4.4.1 Magnetic order, and an increase in BiFeO3.

The grain size and topography were already explained in subsection 4.3.3 Atomic
force microscope, AFM. In summary, the as-made and annealed samples have a sim-
ilar grain size and roughness, while the magnetic moment displays a small decrease
with annealing, from the as-made ∼5° to annealed ∼3° and 1.3 mV to 0.2 mV. This is
consistent with a phase modification from mainly iron oxide to mainly BiFeO3. In both
cases, the larger magnetic moments are coloured in red, annealing does not change the
morphology significantly.

4.5 Electrical properties, ferroelectricity of BiFeO3

This section focuses on the electrical properties, subsection 4.5.1 Piezoelectric force
microscopy, PFM and subsection 4.5.2 Kelvin probe microscopy, KPM, of the ion beam
sputtered BiFeO3. The effect of annealing the thin film on the electrical data is analysed.

4.5.1 Piezoelectric force microscopy, PFM

Piezoelectric force microscopy was carried at ambient temperature with a 15 V applied
bias. Shown in Figure 4.5.1 (a) is the AFM topography, without applying a bias. The
other two images show, in Figure 4.5.1 (b) and (c), the piezoelectric response of the film
with the applied bias. The contrast displays the ferroelectric ordering at ambient tem-
perature. From the list of phases described in the structure analysis in this film, only
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BiFeO3 is ferroelectric thus confirming the presence of the proper phase of multiferroic
BiFeO3.

Figure 4.5.1: PFM of the BiFeO3 annealed at 500 °C thin film, (a) topography, AFM (b) out-
plane PFM (c) in-plane PFM.

PFM provides evidence that the annealing process creates an electrical dipole
ordered phase after annealing at temperature over 400 °C and that the films become
ferroelectric. Figure 4.5.1 displays the PFM mapping of the annealed sample. The as-
made samples do not show a clear pattern (square), which is an indication that material
is not ferroelectric [Zhao et al., 2006]. This agrees with the KPFM analysis. The PFM
study of the annealed BiFeO3 is not as conclusive as the Kelvin probe force microscopy
(KPFM), subsection 4.5.2, study. The 2 µm square is the zone that serve to be written
and an increase contrast, dark colour, are visible after applying the external field. From
Figures 4.5.1, the electrical polarisation, domain on the surface of the thin film, can be
estimated to be close to 0.1 µm. This is surprising, as the grain size of the annealed
BiFeO3 nanoparticles are about 3 to 4 times bigger than the polarisation domain. This
can be explained by the fact that BiFeO3 has a few preferred domain orientations [Chu
et al., 2007b]. Contrary to research carried out by Chu et al. [2007b], the orientation
based on the PFM image was not define because the film synthesised by ion beam



4.5 Electrical properties, ferroelectricity of BiFeO3 101

sputtering is polycrystalline and theirs, (Chu’s synthesized film) was crystalline [Chu
et al., 2007b]. Figure 4.5.1 (c) agrees with experiments detailing the self-polarisation of
BiFeO3 [Chu et al., 2006].

The PFM image confirms that a phase transition occurred after annealing at a tem-
perature above ∼400 °C, as below that temperature no electrical order is seen, while
above that the film is ferroelectric. BiFeO3 is a known ferroelectric material [Kumar
et al., 2000]. Iron oxides are ferromagnetic, but not ferroelectric. The characterisa-
tion technique provides evidence that annealing is a necessary step in the synthesis of
BiFeO3. This proves that the piezoelectric force response comes from BiFeO3, since the
as-made film dominated by iron oxides does not show a piezoelectric response, while
the annealed film made mainly of BiFeO3 has a strong response.

Figure 4.5.1 (b) and (c) displays the ferroelectric behaviour of the annealed BiFeO3

thin film. The topography shows that the sample’s surface is smooth, ∼30 nm. The
in-plane and out-plane images display the electrical behaviour of the sample after a
square shape on the sample has been electrically charged.

4.5.2 Kelvin probe microscopy, KPM

Figure 4.5.2: KPM, surface potential of the as-made thin film measured before (left) and after
(right) inducing an external piezoelectric field.

The Kelvin probe microscopy, KPM, was measured at ambient temperature and
this technique was used to confirm the PFM results. KPM was for practical reason
tested to potentially replace in the future the PFM analysis. The Kelvin probe mi-
croscopy data clearly show the change of phase occurring around ∼400 °C, below this
temperature, the sample is not electric dipole ordered, but above ∼400 °C, the ordering
is ferroelectric. Figure 4.5.2 displays the Kelvin probe microscopy (KPM) and surface
potential microscopy images of the as-made film before applying an external electri-
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Figure 4.5.3: KPM, surface potential of the BiFeO3 annealed at 500 °C thin film measured
before (left) and after (right) applying an external piezoelectric field.

cal field (Figure 4.5.2) and after applying an external field of 5 V (Figure 4.5.2 right).
The same exercise is carried out on the annealed thin film before (Figure 4.5.3 left) and
after (Figure 4.5.3 right) applying an external field. As the as-made sample is known
to be an amorphous mix of bismuth oxide, iron oxide and bismuth ferrite oxide, with
no clear orientation or structure (see Section 4.3 and 4.4), the comparison of the image
before and after applying 5 V, both images only show the topology of the film and
they provide no information on the electrical dipole ordering, i.e. the sample has no
electric ordering. No potential electrical pattern emerges from these figures, as the
compound can locally behave like a ferroic material, however the surface, as a whole,
is not. On the other hand, the annealed sample displays a clear piezoelectric response
from the applied field. Once again, the image taken before applying the external field
is very similar to the previous AFM image, however after applying an external field,
the piezoelectric response is modified. The square shape in the image was created on
the sample surface by polarising a small area of the sample. This is consistent with
ferroelectric behaviour in the annealed sample [Chen et al., 2001]. In previous analysis
(magnetic moment), the film antiferromagnetic properties at ambient temperature was
demonstrated. With this proof of ferroelectricity, the ferroelectricity property confirms
that this film is multiferroic at ambient temperature and that a significant amount of
BiFeO3 is in the film, as all the other secondary phases have not been reported to be
multiferroic at ambient temperature. This is promising for the development of the fu-
ture Magnetoelectric RAM (MeRAM) (a device that would use the exchange bias of
the material) by retaining the polarisation over time. The MeRAM device requires a
ferroelectric and antiferromagnetic material to optimise the potential. The square is
not perfect, with a slightly blurry edge; the edge effects could be caused by the leakage
current of the sample. The leakage current could be caused by the size of the nanopar-
ticles in the film, as explained previously with the AFM image. Improving the leakage
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current is a focus of the BiFeO3 study and is one of the reasons for doping BiFeO3 [Kim
et al., 2006b].

4.6 Magneto-optic Kerr effect, MOKE

-2 -1 0 1 2

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

 

 

Ke
rr 

ro
ta

tio
n 

(°
)

Applied magnetic field (T)

 As-made, 340nm
 Annealed 500C, 490nm

Figure 4.6.1: Kerr rotation of BiFeO3 as a function of the applied field from -2 to 2 T. The as-
made film is measured at 340 nm, annealed 500 °C film is measured at 490 nm.

MOKE suggests a phase transition with the annealing process, similar to XRD
analysis. Figure 4.6.1 displays the Kerr rotation as a function of the applied field. The
Kerr rotation is similar at every annealing temperature, with very close values between
-2 T and 2 T. The as-made thin film displays a different behaviour when compared with
the annealed films. While the film annealed at 500 °C, although comparable to the other
annealed film, is displaying something slightly different. The Kerr rotation loop seems
as though a slight rotation is visible, mainly in the range of -1.5 T to 1.5 T. The rotation
could be caused by an enhanced interference effect of the different phase or from the
interface film-substrate.

The effect of the phase transition is seen in the magneto-optical Kerr rotation,
however the limited data and the complexity of BiFeO3 and iron oxides do not allow
us to identify a specific magnetic behaviour with a specific element of the molecule.
The magneto-optical Kerr rotation measurements were carried out at different wave-
lengths. The as-made film was measured at 340 nm, 3.65 eV. This energy, when com-
pared to the density of state of potential components, could be linked to Bi2O3; Bi6p
and O2p [Zhang et al., 2006], Fe3O4 magnetite; Fe2+

B spin up and Fe3+
A spin down [Chen

et al., 2004]; and BiFeO3; Bi1p, O1p and O2p [Ramachandran et al., 2010]. The BiFeO3

film annealed at 500 °C was measured at 490 nm and 2.53 eV, which could be linked to
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α-Fe2O3; O2p with a hybridisation of Fe3d to Fe3d and Fe3d to O2p [Canepa et al., 2011],
Bi2O3; Bi6p and O2p [Zhang et al., 2006], Fe3O4 magnetite; Fe2+

B spin down [Chen et al.,
2004]; and BiFeO3; Fe2d, O1p and O2p [Ramachandran et al., 2010]. These energies have
a known BiFeO3 hybridisation that occurs between oxygen and iron, O2p to Fe3d and
iron-iron, Fe3d to Fe3d [Ramachandran et al., 2010]. Bi2O3 is not strongly magnetically
order, so this bismuth oxide can be neglected in the MOKE analysis. With all that in
mind the as-made film is more likely to have a larger quantity of Fe3O4 than BiFeO3.
The film annealed at 500 °C is complex; both iron oxides, maghemite and magnetite,
are found in the film. This film also contains BiFeO3 Fe2d, O1p and O2p. With the current
data available, element based analysis is not possible to be done. A quick comparison
of the Faraday rotation of α-Fe2O3 seems to contain enough difference to limit the pos-
sibility of seeing the α-Fe2O3 magneto-optical Kerr effect, and Fe3O4 is unlikely to be
present after annealing at 500 °C, which leaves the possibility that oxygen reduces the
signal from iron.
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Figure 4.6.2: Minimum and maximum Kerr rotation measured in function of the annealing
temperature. The difference between the positive and negative applied field at
300 °C and 400 °C is probably caused by the substrate.

Comparing the magneto-optical Kerr rotation under the opposite applied field
shows a potential signal from the substrate in the films annealed at 300 °C and 400 °C.
The absolute value is thickness-dependent and prevents us from drawing any other
conclusions. Figure 4.6.2 displays the minimum and maximum Kerr rotation measured
after annealing at different temperatures. Taking the absolute value of the minimum
and the maximum Kerr rotation, Figure 4.6.2 should display matching values at ev-
ery annealing temperature. The maximum and minimum Kerr rotations are similar
under an applied field of 7.5 Oe and -7.5 Oe for the as-made and 500 °C annealed sam-
ples. The annealed samples at 300 °C and 400 °C show an important difference in Kerr
rotation under an applied field of 7.5 Oe and -7.5 Oe, which could be caused by the
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substrate. Comparing the analysis with other studies is difficult, as the results can be
dependent on thickness, i.e. a film of 645 nm γ-Fe2O3 saturates at double the value of
a similar film of 1550 nm [Tepper et al., 2003].

4.6.1 Verdet constant
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Figure 4.6.3: Verdet constant of BiFeO3 after annealing at 500 °C.

The annealed BiFeO3 thin film has a very high Verdet constant at wavelengths
between 200 and 600 nm, as Figure 4.6.3 highlights. Figure 4.6.3 shows the Verdet
constant of as-made and annealed BiFeO3 thin films in function of the wavelength.
The Verdet constant is calculated from equation 2.4.2 [Bi et al., 2008].

In this case the magnetic field B was applied at 7.5 kOe. The distance d that
the light beam travels in the material is the thickness of the sample, ∼150 nm. This
is the first time this calculation has been done on BiFeO3 thin films in the range from
200 to 600 nm. Previous work on this topic revealed a Verdet constant at 1550 nm of
18±2 °.cm−1 kOe−1, 0.3 rad cm−1 kOe−1 [Bi et al., 2008]. This Verdet constant is of the
same order of magnitude as the sputtered BiFeO3 film annealed at 500 °C for 15 min
at a wavelength of 490 nm, 35 ° cm−1 kOe−1, 0.61 rad cm−1 kOe−1. However, the Fig-
ure 4.6.3 highlights significant different value of Verdet constant at each wavelength,
making such a comparison challenging. Nonetheless, in the wavelengths between 200
and 600 nm, only two materials have been predicted and confirmed to have a Verdet
constant greater than BiFeO3, reported here. Those materials are NdF3 and PrF3 which
have a Verdet constant almost twice as significant as BiFeO3 [Leycuras et al., 1984].
Maghemite Fe2O3 [Guerreroa et al., 1997] and magnetite Fe3O4 [Lopez-Santiago et al.,
2009] have a negligible Verdet constant compared to the BiFeO3 reported here. Further
work is required to compare Bi2O3 with the sputtered BiFeO3 thin film.
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4.6.2 Magnetic circular dichroism

The optical magnetic circular dichroism (MCD) analysis agrees with a phase transition
during annealing. Figure 4.6.4 shows the optical MCD as a function of the applied
magnetic field. The as-made film displays the largest value, while the film annealed at
300 °C displays the smallest value at 20 kOe. The MCD of the films annealed at 400 °C
and 500 °C have a similar absolute value. The difference between the two films seems
to be only the direction of the applied external field. The MCD maximum is at -20 kOe
for the film annealed at 500 °C and 20 kOe in the case of the film annealed at 400 °C. The
apparent hysteresis loop in the BiFeO3 annealed at 500 °C is also a specific behaviour
to this film, as this film is the only one showing that feature. The MCD hysteresis loop,
-0.013 to 0.01 T is similar to the magnetic moment hysteresis loop at 5 K, however the
MCD values are not of the same order of magnitude, at 5 K, MCD hysteresis is between
-0.17 T to 0.17 T.

-20 -15 -10 -5 0 5 10 15 20
-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08
 

M
C

D
 (°

)

H (kOe)

 As-made, 400nm
 Annealed 500C , 460nm
 Annealed 300C
 Annealed 400C

Figure 4.6.4: MCD of BiFeO3 as a function of the applied field.

The MCD analysis suggests the as-made film’s main contributor is Fe3O4 mag-
netite. The annealed film has multiple, more complex contributors, given that there is
a phase transition with the annealing process. Figure 4.6.5 displays the optical mag-
netic circular dichroism measured at different wavelengths. The as-made film displays
a maximum MCD around 400 nm, compared to and 320 nm after annealing at 500 °C.
The MCD behaviour is very similar for the films annealed at 300 °C and 400 °C; they
both display a hybrid wavelength response that is between the response of the as-made
film and the BiFeO3 annealed at 500 °C. This figure highlights the wavelength depen-
dency of the MCD phenomena. The MCD also shows that the thin film phases are
different through the different annealing temperatures. The as-made thin film MCD
rotation seems to be dominated by Fe3O4, with a central broad MCD peak near 440 nm
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and a negative value after 500 nm [Zayat et al., 2003]. The absence of a positive peak
at 530 nm could suggest a limitation on the influence of α-Fe2O3 in the MCD [Zayat
et al., 2003]. The BiFeO3 film annealed at 500 °C displays unique behaviour compared
to the other thin films. This signal should mainly come from the BiFeO3 molecules. Be-
cause of the purity of the samples, the MCD signal can include the effects of secondary
phases like traces of iron oxides, however from previous analysis the secondary phases
would be expected only in small concentration and therefor the main MCD contribu-
tion should come from BiFeO3.
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Figure 4.6.5: MCD of BiFeO3as a function of the wavelength for an applied field of 750 mT.

The energy at which the extreme MCD is found shows potentially multiple MCD
contributors in every film and a modification of those contributors through annealing
at different temperatures. Figure 4.6.6 shows the energy at which the optical mag-
netic circular dichroism is at a minimum and maximum as a function of the annealing
temperature. These values are compared with the energy of the band gap. Under an
applied field of 7.5 kOe or -7.5 kOe, the MCD minimum has the same energy value.
The MCD maximum, however, has different values for the film as-made, annealed at
300 °C and at 400 °C. Once annealed at 500 °C, the maximum is found at 4 eV under
either the positive or negative field. Following from the previous analysis of the most
likely components in the film, the as-made film minimum at 4.77 eV can be linked
to Bi2O3: Bi6p and O2p [Zhang et al., 2006] and Fe3O4: Fe3+B5t2 and Fe3+

A5E [Chen et al.,
2004]. The maximum at 5.91 eV includes these elements plus Fe3O4: Fe2+

Beg and Fe3+Beg

[Chen et al., 2004]. The maxima of the films annealed at 300 °C and 400 °C are also
found at 5.91 eV, like the as-made film, and includes the same list of elements. Both
the annealed 300 °C and the annealed 400 °C film have their minimum at 5.64 eV, with
possible contributions coming from Bi2O3: Bi6p and O2p [Zhang et al., 2006]; and Fe3O4:
Fe2+Beg, Fe3+

B5t2 and Fe3+
Beg [Chen et al., 2004]. For the BiFeO3 annealed at 500 °C, the mini-

mum MCD is close to the optical band gap value. The minimum is at 2.7 eV, which can
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be linked to BiFeO3: Bi1p [Ramachandran et al., 2010] and Fe2d; α-Fe2O3: Fe3d and O2p

[Canepa et al., 2011]. The maximum of 4 eV can be linked to BiFeO3: Bi1p [Ramachan-
dran et al., 2010]. The as-made film and the films annealed at 300 °C and 400 °C could
have multiple MCD contributors, and perhaps even the substrate could be a contribu-
tor. This would be expected, as these films are a mix of iron oxide and bismuth oxide.
In the case of the as-made film, as shown in Figure 4.6.5, due to the high absorption
coefficient of the substrate, the MCD contribution from the substrate is not expected
to be displayed. A detailed analysis of the light absorption of the as-made film has
shown an absorption efficiency as high as 95% at wavelengths below 750 nm. This
confirms that the results displayed are coming from the thin film, not the substrate.
The film annealed at 500 °C seems likely to have just one major MCD contributor; the
Figure 4.6.6 does not show multiple maxima or minima like the films made at other
annealing temperatures. As the structural analysis suggests there might be some iron
oxide secondary phases, those secondary phases could contribute to the MCD. How-
ever, at this stage, if there are other MCD contributors, they cannot be clearly identified
with the MCD analysis of the film annealed at 500 °C.
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4.6.3 Kerr rotation

The energy at which the extreme magneto-optical (MO) Kerr rotation is found shows
potentially multiple Kerr rotation contributors in every film and a modification of those
contributors through annealing at different temperatures. Figure 4.6.7 shows the en-
ergy at which the Kerr rotation is at a minimum and maximum as a function of the
annealing temperature. Also in this graph, the optical band gap is compared to the



4.7 Thin film annealed at 600 °C 109

energy of the maximum and minimum Kerr rotation. The maximum with an applied
field of 7.5 Oe occurs at the same energy of the minimum with an applied field of -
7.5 Oe, and vice versa. This figure highlights the modification of other contributors to
the MO Kerr effect. The precise contributor is challenging to pinpoint. The increased
quantity and crystallinity of the sample have a major impact on the modification of
the MO Kerr effect. The minimum energy after annealing at 500 °C is the same as the
band gap, which could mean a transition between Fe3d and O2p [Wang et al., 2009a]
was created by the incident laser excitation light, assuming the contribution is from
BiFeO3 only.
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Figure 4.6.7: Energy value of the minimum and maximum Kerr rotation.

4.7 Thin film annealed at 600 °C

Study (Section 4.3 to 4.6) concluded that the BiFeO3 thin film annealed at 500 °C was the
minimum annealing temperature needed to create good quality BiFeO3 thin film. The
XRD, subsection 4.3.2, and the magnetic, Section 4.4, data have shown potential pres-
ence of iron oxides secondary phases. In order to test the optimisation of the synthesis,
another film was annealed at 600 °C. The RBS analysis in Figure 4.7.1 shows bismuth,
iron and oxygen in the film and the silicon from the substrate. A good RUMP fit is
achieved by assuming a material architecture of 10 layers, the details are presented in
Section B.1. The surface layer, 1.75×1017 at.cm−2, is composed of Bi1, Fe2 and O5. That
stoichiometry suggests BiFeO3, and iron oxides phase could be present. The density
of that layer was estimated with SRIM data to 4.91×102 at.cm−3 [Ziegler, 1998]. The
thickness of the surface layer is estimated at 36 nm. The second layer, 7×1017 at.cm−2,
is composed of Bi1Fe1O3. A detailed analysis of the phases will be discussed with XRD
and the magnetic moment. This suggests the atoms are not bonding to form BiFeO3.
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The density is 4.22×102 at.cm−3 and the thickness is 166 nm. The third layer does not
contain iron; however, bismuth is present. Due to the significant difference and the
depth at which bismuth is found, RBS confirms a bismuth diffusion. Bismuth diffu-
sion was expected from the RBS analysis of the film annealed at 500 °C (Figure 4.3.1
(b)). This layer, 4×1017 at.cm−2, contains Bi0.09 and SiO2. The density of this layer is
4.62×102 at.cm−3, thickness of 87 nm. The bismuth concentration decreases within the
following 3 layers in SiO2 (detailed are presented in Section B.1). The layer number 7
in the RUMP fit, 7.5×1017 at.cm−2 contains Bi0.009, O0.5 and Si1.1. Assuming the fit is de-
scribing the physics and the detector is of good quality, this suggests bismuth diffused
through the SiO2 into the Si bulk. The oxygen in that layer could have been diffused to-
ward the bulk silicon either by thermal annealing (substrate SiO2 is grown by thermal
annealing), by the mobility of bismuth atoms or a combination of the two phenomena.
This layer density was calculated to 4.95×102 at.cm−3, thickness of 151 nm. Layer 9,
3.5×1018 at.cm−2, contains Bi0.001 and Si1. Bismuth atoms at that depth are caused by
diffusion of bismuth, the diffusion of bismuth into silicon has also been observed at
annealing temperature about 580 °C [Fan et al., 1990]. The bismuth tail in Figure 4.7.1
could also be caused by the quality of the detector and the signal to noise ratio. Layer 9
density was estimated with SRIM data to 4.96×102 at.cm−2 and a thickness of 706 nm.
The tenth layer is bulk silicon from the substrate. There are no other elements visible,
which is confirmed by the qualitative PIXE analysis.
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Figure 4.7.1: RBS spectra of the film annealed at 600 °C (circle) with the RUMP fit (line).

The XRD analysis of this annealed thin film at 600 °C is displayed in Figure 4.7.2.
The XRD has a lot of noise to the signal and this noise increase the difficulty to identify
the phases in the material. As some major phase modification happened between the
film annealed at 500 °C compare to the film annealed at 600 °C, BiFeO3 can start decom-
posing at that temperature. Bismuth can diffuses as suggested by the RBS analysis and
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form other phases in layer underneath the surface. As seen in the Figure 4.7.2, the film
annealed at 600 °C contain Fe3O4, α-Fe2O3, γ-Fe2O3 and BiFeO3. No trace of Bi2Fe4O9

was found. However as discussed in the subsection 4.3.2, the film annealed at 500 °C
only BiFeO3 was identified. So, annealing at 600 °C might be sufficient to decompose
some of the BiFeO3 into iron oxides or allows for a greater quantity of iron oxides to
form. The broadening of XRD peaks increase meaning the nano-crystal is becoming
smaller. A volume reduction while annealing at higher temperature can be counter in-
tuitive, however this could be possible in the case where BiFeO3 decompose [Tan et al.,
2005]. The other option to explain the broadening is BiFeO3 becomes amorphous. The
film annealed at 500 °C, BiFeO3 dominated the XRD spectrum while three iron oxides
phases were either amorphous or too small compare to the bismuth particle size to be
seen. In the present case, iron oxides phases are dominating while BiFeO3 phases could
have decompose. The XRD spectrum is not sufficiently conclusive to compare the par-
ticle size of each compounds. XRD simply shows a general phase modification above
600 °C, however the new phases are not moving towards the formation of BiFeO3.
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Figure 4.7.2: XRD, grazing angle 2°, from the film annealed at 600 °C.

The magnetic data agrees with the XRD analysis. Both low temperature and am-
bient temperature field loop measurements show an increase in magnetic saturation
moment at 6 T, Figure 4.7.3. This increase is consistent with an increase of iron oxides
in the thin film. The hysteresis loop at 5 K is half the value after annealing at 600 °C
compared to 500 °C. The new film might have lost a certain number of superparam-
agnetic particles, which seems to be the case. From the XRD analysis, iron oxides are
taking the place of the BiFeO3. The magnetic data can indicate that about half of the
iron particles are magnetic and could form a mix of Fe3O4 and γ-Fe2O3. This confirms
that annealing temperature above 500 °C results in an increase in iron oxides in the
BiFeO3 film, and annealing at 500 °C is the optimum annealing temperature to synthe-
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sis the largest amount of BiFeO3.
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Figure 4.7.3: Magnetic moment at 300 K and 5 K of BiFeO3 annealed at 600 °C for 15 min.
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Figure 4.7.4: Plot of the ZFC (solid curve) and FC (dashed curve) magnetisation at 10 mT for
the 600 °C annealed film.

The zero-field-cooled, field-cooled (ZFC-FC), Figure 4.7.4, displays the compari-
son ZFC and FC after annealed the film at 600 °C. The hysteresis seems to close near
260 °C, this is a lower temperature compared to the blocking temperature of the of
the film annealed at 500 °C. The blocking temperature of the film annealed at 500 °C
is not as well define as the blocking temperature of the film annealed at 600 °C. If
the anisotropy constant is assumed constant between the two annealed (600 °C, and
500 °C) films, this would suggest that the grain size of the particles in both films are
responsible for the modification of the blocking temperature. The Figure 4.7.4 has a
more define ZFC transition, this could also indicate a size distribution less variable
after annealing at 600 °C, in other words, the film seems more uniform.
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Figure 4.7.5: Plot of the normalised saturation moment per Fe against temperature at 6 T.

The temperature dependence of mFe at 6 T, mFe(6 T), is plotted in the Figure 4.7.5.
The magnetic temperature dependence is fitted with the equation 3.3.22 with an addi-
tional term to compensate for the spin glass phenomenological [Prakash et al., 2016b].
Equation 3.3.22 can be written as equation 4.7.1 [Prakash et al., 2016b]:

mi(T ) = mc(0)[1−DT 3/2] +ms(0) exp
−T/Tf . (4.7.1)

Where mi is the magnetic moment of the ions, mc is the magnetic moment con-
tribution from the core material, ms is the magnetic moment from the shell, Tf is the
spin freezing temperature and D is spin stiffness and T is the temperature [Prakash
et al., 2016b]. In the Figure 4.7.5, the fit was achieved with mc = 0.53µB/Fe, D =

3.5 × 10−5 K−3/2, ms = 0.08µB/Fe and Tf = 25 K. D is greater than the Fe bulk value
of 3×10−6 K−3/2 [Prakash et al., 2016a]. The magnetic data confirms the XRD analysis,
increasing the annealing temperature up to 600 °C increase the formation of iron oxide.

4.8 Thin film annealed at 500 °C for 7 hours

The sample was annealed at 500 °C for 7 hours in an oxygen atmosphere; to compare
the effect of different annealing times. The previous samples were annealed for 15 min-
utes. The film was synthesized on SiO2 with an oxide layer about ∼500 nm thick; on
silicon bulk. The RBS, Figure 4.8.1, shows backscattering particles of bismuth, iron and
oxygen and the surface edge of silicon from the substrate. RUMP fit is achieved by
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assuming a material with about 11 layers, the details are presented in Section B.1. The
surface layer, 1.75×1017 at.cm−2, is composed of Bi1, Fe1 and O3. That stoichiometry
suggests BiFeO3 could be present, further analysis of phases by XRD and the mag-
netic moment will be discussed and suggest that BiFeO3 could be present, however
secondary phases are present in greater quantity. The density of that layer was esti-
mated with SRIM software at 4.22×1022 at.cm−3 [Ziegler, 1998]. The thickness of the
surface layer is 160 nm. The second layer, 1×1017 at.cm−2, is compose of Bi1, Fe1 and
O2.7. This could also have BiFeO3 or a phase with oxygen deficiency. The density is
4.21×1022 at.cm−3, a thickness of 24 nm. The second layer contains a deficiency of iron,
Bi1, Fe0.8 and O2.7, this could suggest a possible bismuth oxide phase, details are pre-
sented in Section B.1. Layer 5 displays bismuth diffusion into SiO2, Bi0.08. The density
estimated with SRIM is 4.67×1022 at.cm−3 and the thickness of that layer is 86 nm. As
for the RBS analysis of the sample annealed at 600 °C, the Figure 4.8.1 shows a possible
diffusion of bismuth through the SiO2 layer and the bulk Si, both diffusion have been
reported in the literature [Büngener et al., 2003; Fan et al., 1990]. There are no other
elements visible, which is confirmed by the qualitative PIXE analysis.
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Figure 4.8.1: RBS spectra for the film annealed at 500 °C for 7 hours (circle) with the RUMP
fit (line).

The XRD spectrograph, Figure 4.8.2, displays the presence of BiFeO3 and possibly
other amorphous phases such as Bi2Fe4O9 and Bi2O3. Interestingly, there is no trace of
bismuth, Fe3O4, α-Fe2O3 or γ-Fe2O3. This means that all of the bismuth particles from
the as-made film are either evaporated or have undergone a phase transition. The iron
oxides could be amorphous, but that is less likely as the sample annealed at 500 °C for
15 min shows the presence of magnetic enhancement from the oxides. Iron is likely to
be in BiFeO3 and Bi2Fe4O9 phases, however some small iron oxides particles might still
be present. The magnetic data quantify the iron oxides concentration in the sample.
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Figure 4.8.2: XRD, grazing angle 2°, from film annealed at 500 °C for 7 hours.

The increase level of noise in the XRD data, Figure 4.8.2 compared to Figure 4.3.2,
might arise from the sample size. The first set of sample were bigger than the latter
annealed sample, that could decrease the diffraction or there might be less BiFeO3 in
that sample than there is in the sample annealed at 500 °C for 15 min. The longer
annealing might have decomposed or evaporate an amount of BiFeO3.

The field loop at 5 K and 300 K has a similar magnetic saturation moment (Fig-
ure 4.8.3): at 300 K, ms is 0.097 µB/Fe and at 5 K, ms is 0.15 µB/Fe. These values are
within the range of experimental uncertainty. There is no significant magnetic moment
enhancement with the temperature of measurement. The magnetic moment at satura-
tion, 6 T, displays the same behaviour. Comparing the field loop and the temperature
dependence at saturation, the value of the saturation magnetic moment is the same at
both ambient temperature and low temperature. This could indicate the absence of a
spin disorder interaction [Haas, 1968]. The inset shows a hysteresis loop at low tem-
perature that disappeared at ambient temperature. This effect can be explained by a
superparamagnetic material [Chen et al., 1995]. The magnetic moment at saturation at
5 K is about ∼0.15 µB/Fe. Knowing the magnetic moment of BiFeO3 and iron oxide
(subsection 4.4.1), if neglecting the presence of weak magnetic secondary phase, the
concentration of the magnetic iron is in BiFeO3 can be estimate between 78% to 80%.
The XRD and magnetic data do not show any trace of iron oxide. α-Fe2O3 can still be
present, however that phase cannot be identified because hematite is not magnetic and
the form factor of bismuth could hide the iron oxide in the XRD analysis.

Looking at the inset of Figure 4.8.3, no exchange bias is visible at low temperature.
This could mean that there is only one main magnetic domain order. The other domain
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could be too small to create an exchange bias. To draw any conclusions on this subject,
further work would be required, i.e. performing the exchange bias analysis at several
low temperatures like this study was done on the BiFeO3 sample annealed at 500 °C
for 15 min.
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Figure 4.8.3: Magnetic moment at 300 K and 5 K of BiFeO3 annealed at 500 °C for 7 hours.
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Figure 4.8.4: Plot of the normalised saturation moment per Fe versus temperature at 6 T of
the sample annealed at 500 °C for 7 hours.

The temperature dependence at 6 T, Figure 4.8.4, provides a limited information
caused by the important noise level in the data. The magnetic moment is not signif-
icantly enhanced with temperature. In the Figure 4.8.4, the fit was achieved with the
equation 4.7.1 with value of mc = 0.1µB/Fe, D = 3.5×10−5 K−3/2, ms = 0.05µB/Fe and
Tf = 60 K. D is greater than the Fe bulk value of 3×10−6 K−3/2 [Prakash et al., 2016a],
however the D value extrapolated from the sample annealed at 500 °C for 7 hours is
comparable to the D value from the sample annealed at 600 °C for 15 min. The freezing
temperature is 60 K compared to 25 K with the film annealed at 600 °C, the noise is-
sue makes a direct comparison between the two samples difficult. Both ms and mc are
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smaller in the sample annealed for 7 hours compare to the sample annealed at 600 °C,
the noise level could explain the different value of mc but not the value of ms. The re-
duce magnetic moment would agree with the XRD analysis displaying more BiFexOy

phases and less iron oxide phases.
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Figure 4.8.5: ZFC (solid curve) and FC (dashed curve) magnetisation at 10 mT for the film
annealed at 500 °C, 7 hours. Blocking temperature is between 70 K and 110 K.

The ZFC-FC, Figure 4.8.5, displays a narrow range of magnetic domain size. The
ZFC and FC merge perfectly between 100 K and 150 K. If the only magnetic material in
the sample is assumed to be BiFeO3, then from the blocking temperature equation 2.1.6,
the grain size can be estimated to be between ∼5 nm and ∼9 nm. The anisotropy
constant for the calculation is 5.6×104 J m−3 [Antic et al., 2013]. From the Figure 4.8.5,
the presence of Bi2Fe4O9 must be limited as Bi2Fe4O9 is an antiferromagnet with a Néel
temperature between 235 and 250 K [Ressouche et al., 2009; Du et al., 2011].

4.9 Summary: Annealing effects

This section regroups data from the BiFeO3 deposited film to compare the effects, com-
positions and magnetic moment, of annealing in an oxygen atmosphere at different
temperatures. The annealing leads to the formation of BiFeO3. The annealing time
effects on the thin film are also discussed in this section.

Figure 4.9.1 displays the crystallographic modifications occurring under different
annealing temperature, leading to the formation of BiFeO3 when annealed at 500 °C.
The as-made film displays Bi phase and possibly Bi2O3 or BiFexOy phases. Due to the
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different temperatures leading to BiFeO3. XRD experimental data (lines) and
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pounds (bars).
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small particles of those possible phases, XRD does not allow to clearly identify those
phases. To obtain the required phase of BiFeO3, the sample was annealed at intermedi-
ate temperature of 200 °C, 300 °C and 400 °C, however the BiFeO3 rhombohedral phase
forms only after annealing the sample at 500 °C as shown in Figure 4.9.1. Crystallogra-
phy analysis of the intermediary temperature displays iron oxides and bismuth oxides
phases. As mentioned in subsection 4.3.2, the as-made film has iron oxides phases that
are assumed to be amorphous. The figure 4.9.1 shows those amorphous phases becom-
ing nanostructured while annealing the thin film at intermediary temperature. This
figure shows that only when annealed at 500 °C, BiFeO3 forms and is nanostructured.
Annealing at 600 °C or for 7 hours results in the loss of the BiFeO3 phase. This suggest
the optimal annealing conditions are at 500 °C, for 15 min in an oxygen atmosphere.

A significant signal to noise ratio difference is seen in the XRD between the sam-
ple annealed at 500 °C for 15 min and the samples annealed at 600 °C for 15 min and
at 500 °C for 7 hours. The difference is explained by the different phases present and
the loss of nanostructure. In the case of the film annealed at 500 °C for 15 min, the film
is mainly composed of BiFeO3, magnetite and maghemite. In the other two materials,
a mix of phases of iron oxide, bismuth oxide, Bi2Fe4O9 are present. The RBS analysis
provides another important information to explain the difference: the film annealed at
500 °C for 15 min is fitted with less than 6 layers with the BiFeO3 layer divided in two
sublayers of about 160 nm and the other sublayer is about 50 nm. The other two films,
as describe by the RBS analysis, are compose of more than 10 layers with 2 or 3 BiFeO3

sublayers. The film annealed for a longer time shows the presence of more phases in
the XRD which agrees with the RBS.
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Figure 4.9.2: Raman shift changes after oxygen-annealing at different temperatures leading
to BiFeO3. The annealing was carried over 15 min and 60 min (dark cyan).
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Figure 4.9.2 displays the Raman shift modifications occurring under different an-
nealing temperatures, leading to the formation of BiFeO3 when annealed at 500 °C.
Like the XRD analysis the as-made film displays a Bi phase and possibly a Bi2O3 phase.
The films annealed at intermediate temperature are showing an intermediate compo-
sition between the bismuth phase of the as-made film and the BiFeO3 phase of the film
annealed at 500 °C. The Raman shift above 650 cm−1 displays a secondary phase of
iron oxide present in every film annealed and presented in the Figure 4.9.2. After an-
nealing the sample for a longer time period, some BiFeO3 Raman modes are active,
however the XRD analysis shows that other phases form. Those phases could be diffi-
cult to see in Raman spectroscopy when carried at ambient temperature. The thermal
energy, ambient temperature, explains the study of BiFeO3 thin film below 90 K in the
subsection 4.3.5. In the Figure 4.3.11 (b) 11 of the 13 Raman active modes of BiFeO3 are
seen while at ambient temperature, in Figure 4.9.2, only 4 Raman mode of BiFeO3 are
seen. The conclusion drawn from the Raman analysis is similar to the XRD analysis,
the optimal annealing conditions are at 500 °C in an oxygen atmosphere.
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Figure 4.9.3: Optical transmission after 15 min oxygen-annealing at different temperatures.
Dash line shows the light interference pattern fitted on the sample annealed at
500 °C. n1, n2 and n3 are the refractive index of air, the thin film and quartz
(substrate). d is the thickness of the film in nm.

Table 4.9.1: Interference model parameter for samples annealed at temperature up to 500 °C.

Annealing n1 n2 n3 Thickness
[nm]

Band gap
[eV]

as-made n.a. n.a. n.a. n.a. 2.25
300 °C 1 2.37 1.5 155 2.4
400 °C 1 2.40 1.5 135 2.55
500 °C 1 2.45 1.5 120 2.75
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The as-made thin film significant light absorption, more than 80%, could be ex-
plain by the composition of the film; mix of iron oxide and bismuth ferrite phases. This
film contains metallic material with a great light absorption coefficient. This agrees
with the XRD analysis in subsection 4.3.2. After annealing the thin films, nanostruc-
tures are form as discussed in subsection 4.3.2 (XRD analysis). The annealed films con-
tain less metallic material and more semi-conductor materials (e.g. Bi2O3, hematite)
which have smaller light absorption coefficient. After annealing at 500 °C, the thin
film is mainly composed of BiFeO3. While the films annealed at 300 °C and 400 °C
have an important quantity of iron oxide and bismuth oxide. Those mix phases mod-
ify the refractive index as shown in Figure 4.9.3 and they also modify the thickness of
the film and thus the interference pattern is modified. The interference was fitted with
equation 4.3.1. The refractive index, thickness and optical band gap of samples an-
nealed at 300 °C, 400 °C and 500 °C are presented in Table 4.9.1. The refractive indexes
after annealing suggests a phase transition toward BiFeO3. The absorbance of the film
is derived from the transmittance. The optical band gap of those films was estimated
with the Tauc plot method. The band gap value is 2.25 eV for the as-made sample. The
optical band gap analysis also shows a transition leading to the formation of BiFeO3

through different annealing temperature. As the band gap of bismuth oxide and iron
oxide are close to BiFeO3, the phases could be determined by other characteristic tech-
niques like XRD and Raman spectroscopy.

When comparing the magnetic moment at 6 T with the expected magnetic mo-
ment of 0.02 µB/Fe for BiFeO3, the measured magnetic moment displays an enhance
magnetic moment cause by iron oxide. The as-made film contains a significant amount
of iron oxide as described by TEM and this is now confirmed with magnetic measure-
ments. Increasing the annealing temperature to 500 °C reduces the magnetic moment
at 6 T. This suggests an oxidation of the magnetic iron oxide phases to form hematite
phase and BiFeO3. Annealing the sample beyond 500 °C seems to increase the mag-
netic moment, suggesting an increasing amount of iron oxide phases form from the de-
composition of BiFeO3. The decomposition of BiFeO3 that was synthesised by chemical
deposition has been reported after annealing at temperature around 880 K (∼600 °C)
[Rojac et al., 2014]. XRD analysis displays an increase of iron oxides phases as sug-
gested by the magnetic moment analysis.

The inset of Figure 4.9.4 displays a magnified comparison of the annealed sample
measured at 5 K. The magnetisation curves at 5 K for the annealed samples are similar
to the magnetisation curve of the as-made film, suggesting a common magnetic phase
is present in the thin films, that phase could be a mix of magnetite and maghemite. As
discuss in the subsection 4.4.1, the comparison of the as-made film with the annealed
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film at 500 °C shows a reduction of about 60% of the magnetic moment, this suggest
some Fe in magnetite and maghemite phase bond to form BiFeO3 after annealing.
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Figure 4.9.4: Magnetic moment per Fe, after 15 min oxygen-annealing at temperatures up to
600 °C, measured at 5 K. Inset: shows the magnetic moment per Fe between
-0.3 T and 0.3 T.
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Figure 4.9.5: Magnetic moment per Fe, after oxygen-annealing at 500 °C for 15 min (blue
open triangle) and 7 hours (green half fill triangle), measured at 5 K. Inset:
shows the magnetic moment per Fe between -0.3 T and 0.3 T.

Figure 4.9.5 provides a clear comparison between annealing thin film at 500 °C
for 15 min and for 7 hours. The annealing time of 7 hours was for practical reasons the
longest annealing time possible. Increasing the annealing time reduces the magnetic
moment at 6 T. The reduce time also reduces the magnetic hysteresis loop at low tem-
perature, 5 K. The reduced magnetic moment suggests more iron oxide phase has been
transformed into other phases like BiFeO3 and Bi2Fe4O9 (from XRD analysis those are
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the phases that are forming). Bismuth oxide is also seen by XRD analysis and is a phase
that reduces the magnetic moment. Although this analysis does not find any trace of
hematite or Bi25FeO39, those two phases are theoretically present in the chemical syn-
thesis of BiFeO3, subsection 3.2.3. Both phases are likely to be present, in small quantity
or in an amorphous form, in this film and thus reducing the magnetic moment. The
oxidation of magnetite and maghemite results in hematite [Cullity and Graham, 2009]
which has a small magnetic moment. The inset displaying the magnetic moment be-
tween -0.3 T and 0.3 T, displays the magnetic hysteresis is smaller after annealing the
sample for 7 hours, which suggest a smaller ferro/ferri-magnetic phase in the film, this
confirms the reduction of magnetite and maghemite in the film.

Table 4.9.2: Summary: Annealing effects on sputtered thin film.

Annealed As-made 300 °C 400 °C 500 °C 600 °C 500 °C
7 h

BiFeO3 Not seen Not seen Could be R3c Could be R3c

forming present

Secondary Bi, Bi2O3, Bi, Bi2O3, FexOy FexOy FexOy FexOy,

phase FexOy FexOy Bi2O3,

Bi2Fe4O9

Structure Nano Nano Nano Nano Amorphous Amorphous

phases phases

could be could be

present present

Electric No order n.a. n.a. Ferro n.a. n.a.

ordering

Magnetic < 0.73 µB < 0.6 µB < 0.5 µB < 0.44 µB < 0.62 µB ∼ 0.097 µB

moment

Blocking High1 < 115 K < 140 K < 160 K < 260 K < 150 K

temperature

Exchange < 30 K n.a. n.a. < 250 K n.a. Not seen

bias

The Table 4.9.2 highlights the main modifications the thin films undergo after
being annealed in different conditions. This table shows that to form BiFeO3 phase
an annealing at 500 °C must be carried on with an oxygen atmosphere. Annealing at
higher temperature results in the decomposition of BiFeO3 and annealing for a long
time reduces the ferro/ferri-magnetic phase without proof of reducing the concentra-
tion of secondary phases. For an application perspective, the secondary phases of the

1The high blocking temperature is likely caused by the range of particle size in the film.
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BiFeO3 thin film annealed at 500 °C for 15 min have more interesting magnetic prop-
erties then the secondary phases resulting from a longer annealing time. Also, both
the film annealed at 600 °C and the film annealed for 7 hours resulted in the loss of
nanostructure and thus reducing the potential for device applications.

4.10 Conclusion

In conclusion, multiferroic nanocrystalline BiFeO3 films have been made by ambient
temperature sputtering and thermal annealing at 500 °C in an oxygen atmosphere.
The magnetic properties are primarily due to a secondary phase of iron oxides that in-
duced an exchange bias. The Ferroelectricity is confirmed by the piezoelectric response
which also confirms the proper phase of BiFeO3 is formed. XRD measurements be-
fore annealing show the presence of nanocrystalline Bi and other unidentified BiFexOy

phases. SAED shows that there is also some magnetite or maghemite as well as some
FeO. The Raman data are consistent with the presence of Bi and β-Bi2O3as well as
magnetite, maghemite, and hematite. Annealing in an oxygen atmosphere at 500 °C
resulted in the formation of multiferroic BiFeO3 nanoparticles. Raman measurements
showed that there was also magnetite, maghemite, and hematite. Magnetic measure-
ments on an as-made film showed that there was a large moment per Fe at 6 T. This is
due to magnetite and maghemite where between 54% to 58% of the Fe is in these two
phases. There was evidence for superparamagnetism from the two iron oxide phases.
The 500 °C annealed film also showed a large moment per Fe at 6 T. The magnetic mo-
ment was 60% of the value found before annealing because some of the Fe in the mag-
netite and maghemite appears in the BiFeO3 nanoparticles. Superparamagnetism also
occurs with a slightly lower blocking temperature, and the temperature dependence of
the high field moment per Fe is comparable to that found before annealing. The sim-
ilarity of the magnetic properties before and after annealing shows that the magnetic
data in the 500 °C annealed film is dominated by magnetite and maghemite and any
contribution from nanocrystalline BiFeO3 is small. An exchange bias was observed
before annealing, where |Bex| rapidly decreases with increasing temperature. The ex-
change bias is likely due to a spin-disordered region in the shell of the magnetite and
maghemite nanoparticles. The exchange bias in the 500 °C annealed film is slightly
lower at 5 K. However, the annealed film displays an exchange bias up to at 250 K
while the as-made film exchange bias is visible only below 30 K. This can be due to dif-
ferent spin disorder regions in the shell where the spin freezing temperature extends
up to higher temperatures and |Bex| disappears for those magnetite and maghemite
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nanoparticles with blocking temperatures below 250 K. The Magneto-Optical Kerr Ef-
fect (MOKE) confirms the great optical properties seen in the optical measurement, the
band gap, with one of the highest Verdet constants reported. This could suggest possi-
ble applications such as a magneto-optical memory device. MOKE and MCD analysis
confirm the presence of a small ferromagnetic material contribution as expected from
the iron oxide analysis carried out by XRD and Raman spectroscopy.

Increasing the annealing temperature above 500 °C increases the iron oxides im-
purities. The XRD analysis displays Fe3O4, α-Fe2O3 and γ-Fe2O3 at the transition tem-
perature below 400 °C, which disappear at 500 °C and reappear above 500 °C. The
magnetic moment is enhanced by the magnetite and maghemite. The quantity of par-
ticles is less than that in the as-made thin film.

The effect of a longer annealing time on the film, at 500 °C, seems to remove the
iron oxide, however this increases the concentration of Bi2Fe4O9 and Bi2O3 secondary
phases. XRD shows an increased quantity of Bi2Fe4O9 and Bi2O3. Both were negligible
after any annealing condition. In the end, the magnetic moment mainly comes from
BiFeO3. There is no magnetic enhancement visible; the superparamagnetic effect is vis-
ible. All of this seems to confirm that the iron oxides, Fe3O4 and γ-Fe2O3, are enabling
or at least allowing the BiFeO3 to be multiferroic while enhancing the magnetic mo-
ment. As BiFeO3 is an antiferromagnet, the magnetic ordering seen at 500 °C mainly
comes from the iron oxide, while the ferroelectric behaviour comes from the BiFeO3,
resulting in a multiferroic material.

Synthesising a pure single crystalline BiFeO3 thin film by ion beam sputtering
is complex and requires further analysis to achieve that result. So far, no results dis-
played a single crystalline film. This could be caused by the secondary phases and the
substrate. The lattice parameters should be studied as this influence the BiFeO3 crystal
structure and was studied for other synthesising techniques. Those techniques gener-
ally require depositing BiFeO3 on a stack of layers. This process could be done by ion
beam sputtering, or BiFeO3 could be deposited by ion beam sputtering on a stack. The
issue is the uniformity of the deposition. The film as-made shows a mix of iron oxides
and bismuth oxides, and the annealing provides enough mobility to the bismuth oxide
to bond with iron oxide and even diffused in the SiO2 layer. This process is slightly
random, as the exact deposition is not uniform. Annealing below 500 °C or above
500 °C enhance the formation iron oxides, and increasing the annealing time forms a
secondary phase of Bi2Fe4O9.

Although, nano-structured BiFeO3 was successfully achieved. In future work, the
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optimisation of annealing temperature and time could improve the film quality. The
iron oxide present in the film enhances the magnetic saturation moment, which is ad-
vantageous for building application devices. Sputtering BiFeO3 while the substrate is
above ambient temperature should be explored as a parameter to optimise the BiFeO3

crystal synthesis.



Chapter 5

Bismuth implantation into iron oxides

This chapter explores a new approach, bismuth implantation into iron oxide film, in
order to search for modifications in iron oxide nanocrystals and the magnetic moment
created by bismuth ions. This approach was also used to explore the possibility of
synthesising BiFeO3 polycrystalline material by implanting iron oxide thin film with
bismuth followed by annealing in an oxygen atmosphere. This technique requires
sputtering iron oxides, FexOy, followed by ion implantation of bismuth and subse-
quent annealing in an oxygen atmosphere. This chapter focuses on the synthesis and
structure of the resulting film before and after bismuth implantation. The magnetic
moment ordering described with the SQUID provides more information on the mixed-
phase thin film obtained from this synthesis technique. The aim of this chapter is to
study the resultant phases and determine the quantity of bismuth ferrite nanoparticles
and other synthesized phases. Also, as of now, an ambient temperature exchange cou-
pled system that is electrically tunable has not been demonstrated [Martin et al., 2007].
As the BiFeO3 thin film displays an exchange bias up to 250 K, due to magnetite and
maghemite, then bismuth implantation could enlighten us toward the synthesis of a
heterojunction exchange bias.

The ion implantation synthesis technique has an advantage over other synthe-
sis techniques like an increase precision of materials modification and the depth of
the implanted bismuth ions. The BiFeO3, iron oxide and bismuth contributions to the
magnetic ordering are studied, with a focus on iron and iron oxide concentrations. Bis-
muth doping can provide information on BiFeO3 synthesis mechanisms, as BiFeO3 is
known to be synthesized in chemical vapour deposition by the bonding of Bi2O3 and
iron oxide [Selbach et al., 2008]. The Selbach et al. [2008] synthesis mechanism would
require the implanted bismuth to form Bi2O3, which will in turn form BiFeO3 when
bismuth oxide bonds with iron oxides. Bismuth doping of magnetite is reported, for
the first time, in this study. This study shows the effect of implanting bismuth in a
mix phase iron oxide material and in a hematite rich film. In this chapter, the structure
and potential secondary phases of iron oxide thin film and the bismuth-implanted iron
oxide film are analysed.
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5.1 Experimental details

Table 5.1.1: Sample code of the bismuth implanted iron oxides films.

Code Sputtering Annealing Implanted
ion

Annealing Section

SP1 FexOy n.a. n.a. n.a. 5.2
SP2 FexOy 500 °C,

15 min in
O2

n.a. n.a. 5.3

SP1-Bi FexOy n.a. Bi 28 keV
3×1016

at.cm−2

n.a. n.a.

SP2-Bi FexOy 500 °C,
15 min in
O2

Bi 28 keV
3×1016

at.cm−2

n.a. n.a.

SP1-Bi FexOy n.a. Bi 28 keV
3×1016

at.cm−2

500 °C,
15 min in
O2

C.2

SP2-Bi FexOy 500 °C,
15 min in
O2

Bi 28 keV
3×1016

at.cm−2

500 °C,
15 min in
O2

5.5

Two samples were synthesised with a specific protocol and studied to analysis
the phase formation. Sample 1, SP1, is the as-deposited by ion beam sputtering iron
oxide film. Sample 2, SP2, is another iron oxide film deposited by ion beam sputtering,
however this sample was subsequently annealed (see Table 5.1.1 for more details). A
piece of both iron oxide films was used as control and stored in a desiccator to limit
oxidation caused by the interaction with the environment (air). The other pieces were
implanted with bismuth ions using the ion implanter, the ion implanter was discussed
in the subsection 3.2.2, then they were both subsequently annealed. The sample SP1-
Bi-A was made from the SP1 sample that was subsequently implanted with bismuth
followed by an annealing at 500 °C for 15 min in an oxygen atmosphere. The sample
SP2-Bi-A was made from the SP2 sample, iron oxide annealed film, that was subse-
quently implanted with bismuth ions followed by an annealing at 500 °C for 15 min
in an oxygen atmosphere. Table 5.1.1 details the synthesising of these implanted films.
SP1 and SP2 samples are control sample in order to compare the effect of bismuth ions
implanted in the samples SP1-Bi-A and SP2-Bi-A. SP1-Bi and SP2-Bi samples are not
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analysis here for practical reason, as the conditions of implantation are synthesising, in
this case with these specific conditions of synthesis discussed in Table 5.1.1, an amor-
phous material and thus imposing some limitation on the films characterisation (e.g.
Raman spectroscopy and XRD may not be suited to analysis the phase form in those
samples). The annealing effect before and after ion implantation has been studied on
other materials [Murmu et al., 2012]. Murmu et al. [2012] clearly identify the annealing
effect has an important parameter to study; implanted bismuth ions could be bonding
more easily with the iron oxide film after annealing the sample. To disclose more in-
formation on the annealing effect, the analysis of the sample SP1-Bi-A is presented in
Section C.1. This annex is provided as an optimisation’s study in the attempt to form
BiFeO3 from the synthesis of bismuth ions implanted into an iron oxide film. The syn-
thesis of the sample SP1-Bi-A leads to a material with less potential to form BiFeO3 and
a material with less device application potential then the sample SP2-Bi-A. Those are
the main reason explaining that the study of the sample SP1-Bi-A is only presented in
Section C.1, while the sample SP2-Bi-A is presented in this chapter.

The first step in the synthesis consists of sputtering iron oxide on silicon dioxide
substrate at ambient temperature, using a Fe3O4 magnetite sputtered target made at
GNS Science with a pressed pallet and a commercial Fe3O4 magnetite powder. The
powder was made by Skyspring Nanomaterials, Inc., with grain size between 20-
30 nm, and pure at 98%. As magnetite is easy to oxidize, the target was stored in
a desiccator to limit the aging effect. Ion beam sputtering was described in subsec-
tion 3.2.1, and sputtering synthesis was detailed in Chapters 3 and 4. From the film
monitor thickness, the iron oxide film is estimated to be close to 100 nm. RBS analy-
sis later in this chapter will provide a more reliable value for the thickness. The iron
oxide sputtering was done on SiO2 (500 nm) onto Si bulk. Every anneal was carried
out at 500 °C for 15 minutes. The ion implantation of bismuth was carried out at a
dose of 3×1016 at.cm−2 into the iron oxide film, SP1 and SP2. The bismuth implanta-
tion was done by ion implantation at GNS Science using the technique described in
subsection 3.2.2. Bismuth ions were implanted with an energy of 28 keV and a selected
fluence of about 3×1016 at.cm−2. Double charged ions, Bi2+, were used to increase the
bismuth depth penetration inside the iron oxide film for TEM analysis. For simplifica-
tion, this second set of sample were implanted at an energy of 56 keV for each Bi+. The
bismuth implantation depth is theoretically less than 50 nm, which will be detailed in
Section 5.4 Simulation of bismuth implantation.
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5.2 As-made Iron oxide sputtered film, SP1
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Figure 5.2.1: XRD, grazing angle 2°, of as-made iron oxide thin film, SP1. From the XRD,
the film seems to contain an amorphous material (broad peak) and FeO (JCPDS
01-089-0690). Also shown are XRD reference patterns for magnetite (JCPDS 00-
019-0629) and maghemite (JCPDS 00-039-1346).

XRD analysis of the as-made ion beam sputtered iron oxide thin film, SP1, is
shown in Figure 5.2.1. Figure 5.2.1 also shows the possible presence of FeO (JCPDS 01-
089-0690) rhombohedral R-3, whose reference pattern matches the XRD peaks. Other
iron oxides are not clearly identifiable. This iron oxide phases (SP1) will be compared
with other samples, SP2 and SP2-Bi-A and with α-Fe2O3 hematite, γ-Fe2O3 maghemite
and Fe3O4 magnetite. However, none of those iron oxide phases are clearly visible in
the XRD analysis. The broad peak at 25° might be indicative of an amorphous phase,
however this phase is difficult to identify. From the literature, iron oxide deposition at
ambient temperature is known to contain an amount of amorphous material [Machala
et al., 2007; Tang et al., 2006]. Electronic transport measurement might be able to pro-
vide a more definitive explanation for the broad features. The sharp peak at 52° is not
identified, however that feature is not from iron. By eliminating the possibilities, the
52° peak is likely an iron oxide phase signal. Three iron oxides (α-Fe2O3, γ-Fe2O3 and
Fe3O4) could be present, but the particles would have to be small enough to broaden
the XRD peaks, and they would be difficult to analyse. FeO is thus the only identified
material from the XRD analysis.

Figure 5.2.2 shows a magnified scale centred around the 50° peak of the XRD
analysis that is shown in Figure 5.2.1. Also shown in Figure 5.2.2 is the JCPDS 01-089-
0690 (FeO rhombohedral R-3) and pseudo Voigt function of two peaks, fitted using.
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I = I0 + A
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where the pseudo Voigt function include, in the first part, a Lorentz profile and,
in the second part, a Gaussian distribution, w is the full width half maximum, xc is the
position of the centre of the distribution, A is a pre-factor, I0 is the background intensity
and µ is the off centre line shift between the Gaussian distribution and Lorentzian
profile.
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Figure 5.2.2: XRD, grazing angle 2°, of the as-made iron oxide film, SP1, with a magnified
scale centred around the 50° peak shown in Figure 5.2.1. Also, shown in this
figure is a pseudo Voigt function fit of the merged peak at 49° and 51°, the cu-
mulative peak fit and the JCPDS pattern 01-089-0690 (FeO rhombohedral R-3).

There are two peaks 49° and 51°. The 49° peak has µ = 0 and WG=1.6±0.1°.
The 49° is likely to be due to FeO where the small shift from the reference pattern
angle is likely to be due to strain effects. The µ value of zero for the FeO (024) peak
indicates that fit is a pure Gaussian peak. The 51° peak has µ=0.296 and WG=3±0.3°. µ
and WG are different for this peak and indicate that source of that signal comes from
another phase that cannot be identified. From Scherer’s equation, the FeO particle size
is estimated to be 9±1 nm. The second peak has an estimated size of 5±1 nm obtained
from Scherer’s equation.

The presence of magnetite is expected, as the target is made of magnetite, how-
ever that phase was not identified by XRD analysis. This could be either because
magnetite was deposited at ambient temperature and formed an amorphous material
[Machala et al., 2007; Tang et al., 2006], or a difference between the sputtering yields
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of iron and oxygen resulted in a sputtered material containing a phase other than the
target material. The greater sputtering yield of iron compared to that of oxygen could
explain the presence of FeO, which was clearly identified in the XRD analysis. The fact
that other phases were not identified might suggest that those phases could be present
in smaller fractions compared to FeO, or they could be amorphous. The amorphous
material indicated by the broad peak in the XRD analysis suggests that other iron ox-
ide materials might be present in the film, if present they will need to be identified by
other characterisation techniques.
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Figure 5.2.3: Raman spectroscopy of the as-made iron oxide sputtered film, SP1. The inset
displays a magnified scale in the area 300 to 1100 cm−1 with the Raman signal
averaged in red.

The Raman spectrum of the as-made iron oxide thin film is displayed in Fig-
ure 5.2.3. Also, shown in the inset is a magnified scale centred around 700 cm−1 with
the average signal (red line) overlaid. The as-made ion beam sputtered iron oxide film
only displays a signal from an amorphous material. Raman spectroscopy analysis in-
dicate the absence of a well-defined structure. There is a broad low intensity feature
extending from ∼600 cm−1 to ∼800 cm−1. This is in the range where Raman peaks are
expected from FeO. FeO has a Raman mode at 650 cm−1 [De Faria et al., 1997]. The Ra-
man shift between ∼600 cm−1 to ∼800 cm−1 is also the region where Raman peaks have
been reported for magnetite, maghemite, and hematite. The absence of a well-defined
Raman peak from FeO may be due to the small particles size that can lead to broaden-
ing the Raman peak. The broad low intensity peak may also have a contribution from
very small or highly disordered FeOx phases.

A silicon line at 521 cm−1 is invisible, this means the laser light is absorbed before
reaching the substrate. A high absorbance could indicate the presence of a material
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with metallic behaviour or a material with a band gap of less than 2.4 eV (514 nm).
The FeO band gap is known to be below 2.2 eV. However, in a non-stoichiometric
configuration, FeO band gap can be lower than 1 eV [Jain et al., 2013; Schrettle et al.,
2012, Ashraf et al., 2014].

Figure 5.2.3, inset, displays the Raman spectrum of a broad and low-intensity
peak, and the average of the Raman scattering overlaid in red. The amplitude of the
low-intensity peak is close to the noise level, which increases the uncertainty of the
existence of the peak. The peak at 672 cm−1 (from ∼600 cm−1 to 780 cm−1) is a signature
of iron oxide phase material. The broad peak could indicate a small nanoparticle or
amorphous material, however this could also be cause by traces of FeO, as FeO has a
strong peak at 650 cm−1 [De Faria et al., 1997]. The low intensity can indicate a material
with a small band gap like FeO (below 2.2 eV and in a non-stoichiometric configuration
below 1 eV [Jain et al., 2013; Schrettle et al., 2012, Ashraf et al., 2014]) or Fe3O4. Fe3O4,
as mentioned in Chapter 4, has a reported band gap of less than 0.5 eV [Jeng and Guo,
2002]. Materials with small band gap values can absorb laser light, limiting the Raman
scattering of the material and the silicon substrate.
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Figure 5.2.4: Magnetic moment of the as-made iron oxide film, SP1. This figure shows the
field loop measurement at 5 K and 300 K. The inset shows that magnetic data
over a small magnetic field range where an exchange bias is evident at 5 K.

Figure 5.2.4 displays the magnetic moment per Fe at 300 K and 5 K of the as-made
iron oxide material after subtracting the diamagnetic signal from the silicon substrate
using equation 3.3.21. The FeOx film thickness was estimated to be 100 nm, which is
the film thickness measured after Bi implantation and annealing using the RBS data
discussed later. The saturation moment is 2.46 µB/Fe and 2.34 µB/Fe at 5 K and 300 K,
respectively. The moment is only slightly lower at 300 K and indicates that the film is
ferromagnetic with a Curie temperature far above ambient temperature. The satura-
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tion moment is far greater than that expected from known FeOx phases. This cannot
be due to FeO since that iron oxide is antiferromagnetic with a Néel temperature of
198 K [Dimitrov et al., 1999]. Magnetite and maghemite are ferrimagnetic with high
Curie temperatures and a saturation moments of only 1.35 µB for Fe3O4 and 1.25 µB

for γ-Fe2O3 [Cullity and Graham, 2011]. However, there is no clear evidence, from
Raman spectroscopy and XRD, for these phases although they could be present in par-
ticle sizes smaller than the limit of detection. Hematite is antiferromagnetic. Bulk Fe is
known to be ferromagnetic with a high Curie temperature and a saturation moment of
2.2 µB/Fe. If the magnetic response was from Fe then this would imply that nearly all
the film is Fe, which would appear to be unlikely. Thus, the source of the large mag-
netic signal is identified as a new unknown phase. This new unknown phase could be
a mix of different iron oxide (α-Fe2O3, γ-Fe2O3, Fe3O4, FeO) with iron.
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Figure 5.2.5: Exchange bias of as-made iron oxide film, SP1. The exchange bias is obtained
by cooling the sample in a 6 T applied magnetic field.

The inset to Figure 5.2.4 clearly shows that the hysteresis is offset at 5 K. This
indicates the presence of an exchange bias. The resulting exchange bias is plotted in
Figure 5.2.5 at different temperatures. The data presented in Figure 5.2.5 suggest that
the exchange bias disappears above ∼100 K. The appearance of an exchange bias indi-
cates that there is a ferromagnetic phase in contact with an antiferromagnetic phase in
parts of the film.

Figure 5.2.6 displays the temperature-dependent response of the as-made iron
oxide thin film while under a 6 T applied magnetic field. Also shown is a fit to Block’s
3/2 equation 3.3.21 where D = 8.45 × 10−6 K−3/2. The value D is slightly larger than
expected for bulk Fe or Fe3O4.

The Figure 5.2.7 displays the ZFC-FC curve for the as-made iron oxide film, SP1,
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Figure 5.2.6: Temperature dependence at 6 T of the magnetic moment on the as-made iron
oxide film, SP1. Also, shown in this figure is the Bloch 3/2 fit (red).

at 10 mT. The superparamagnetism effect could explain the ZFC-FC splitting. How-
ever, a gap between ZFC and FC is visible at high temperature which is less likely to
be explain by superparamagnetism. There is hysteresis and a separation of the curves
at lower temperatures where the ZFC curve has a peak at 120 K. This suggests that
there is an antiferromagnetic phase with a Néel temperature of ∼120 K. That phase
may come from FeO where bulk FeO has a Néel temperature of 198 K. The lower Néel
temperature may be because the particle sizes are small. The Néel temperature is close
to the temperature where the exchange bias seen in Figure 5.2.5 disappears and hence
the phase leading to this antiferromagnetic transition is likely to also be the antiferro-
magnetic material that is in contact with the unknown ferromagnetic phase in parts of
the film.
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Figure 5.2.7: ZFC-FC plot for the as-made iron oxide film, SP1, at 10 mT.
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5.3 Annealed Iron oxide sputtered film, SP2
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Figure 5.3.1: XRD, grazing angle 2°, analysis of the iron oxide film annealed at 500 °C for
15 min, SP2. Also shown is hematite reference pattern (JCDPS 00-033-0664).

XRD analysis of the iron oxide film annealed (SP2) at 500 °C in an oxygen atmo-
sphere is shown in Figure 5.3.1; also shown is JCPDS 00-033-0664 (hematite). No other
phases are clearly identifiable by XRD. Broad peaks are also present, which could indi-
cate the presence of small nanoparticles or amorphous material. Figure 5.3.2 shows a
pseudo-Voigt fit to the hematite (104) peak where the full width half maximum is 0.26°
and µ=0.39. From Scherrer’s equation and an instrumental broadening of 0.1 the aver-
age nanoparticle size is estimated to be 45 nm. The size estimation from the peak (110)
is approximately 45 nm. There is no evidence for other FeOx phases such as magnetite
and maghemite. If they are present, then their relative phase fractions are low.
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Figure 5.3.2: XRD, grazing angle 2°, analysis of SP2, magnified around the hematite peak
(104). Also shown is a fit to a pseudo Voigt fit.
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Figure 5.3.3: Raman spectrum of the annealed iron oxide sputtered film at 500 °C for 15 min,
SP2. The expected α-Fe2O3 peaks are shown by stars and the silicon substrate
at 521 cm−1 is also seen.

The Raman spectrum of the annealed iron oxide film is displayed in Figure 5.3.3.
The Raman spectrum clearly identifies α-Fe2O3 hematite. The reported hematite peaks
are listed in Table 5.3.1. No other phases are identified; the Raman spectroscopy re-
sult is similar to the XRD analysis. If other phases are present, they must be at low
concentrations. Maghemite and magnetite, two magnetic iron oxide phases, are not
clearly seen in the Raman spectrum, however they could be present in low quantities
or be amorphous. The Raman shift at 670 cm−1 is reported to be a hematite Raman
forbidden mode and an infrared active mode.

Table 5.3.1: Reported hematite Raman shift.

Hematite Raman shift (cm−1)
[Jubb and Allen, 2010]

229 Aig

249 Eg

295 Eg

302 Eg

414 Eg

500 A1g

615 Eg

600 LO, IR-active Eu

[Shim and Duffy, 2002]
809 [Martin et al., 1977]
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The Si substrate peak can clearly be seen with a Raman shift at 521 cm−1. The
silicon substrate displays a possible second order peak between 950 cm−1 to 1000 cm−1.
The absorption coefficient is modified by annealing the film; the film absorbed less
light when annealed. The iron oxide mixed phases become mainly hematite when
annealed, and the material has a larger band gap, about 2.1 eV [Meng et al., 2011],
which could explain the decrease in the absorption. The presence of hematite is also
confirmed by XRD (Figure 5.3.1).
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Figure 5.3.4: Magnetic moment per Fe at 5 K and 300 K for the iron oxide annealed at 500 °C,
SP2. The lower left inset shows the moment over a smaller magnetic field range
as well as data at 30 K and 60 K. The upper right inset shows that magnetic
moment per Fe at 6 T (symbols) and a Bloch fit to the data (solid curve). The
lower left inset shows the ZFC-FC data taken with an applied magnetic field of
10 mT.

Figure 5.3.4 displays the magnetic moment per Fe after annealing at 500 °C, SP2.
The saturation magnetic moment is only slightly lower at 300 K and indicates that
the magnetic ordering temperature is far above ambient temperature. The saturation
moment at 5 K is 0.38 µB/Fe. This value is 15% of the saturated moment seen before
annealing. The moment also begins to saturate at a similar magnetic field and this
suggests that the moment is predominately due to 15% of the magnetic phase seen
before annealing.

The lower left inset to Figure 5.3.4 shows the moment per Fe over a smaller mag-
netic field range where an exchange bias is evident. Also shown is data at 30 K and
60 K where their measurements were taken after cooling in an applied magnetic field
of 6 T. The origin of the exchange bias is likely to have a similar origin to the as-made
film (SP1). This will be discussed in relation to the Bi implanted films in Section 5.5.



5.4 Simulation of Bismuth implantation 139

The moment at 6 T is plotted as a function of temperature in the upper right inset
in Figure 5.3.4. Also shown is a fit to the Bloch 3/2 function (equation 3.3.22). The fitted
D is found to be 15×10−6 K−1.5 which is ∼2 times that seen before annealing (SP1).

The ZFC-FC curves are shown in Figure 5.3.4 (lower left inset). There is a hys-
teresis up to the highest measured temperature and indicates that there is no evidence
for superparamagnetism. The antiferromagnetic phase seen at lower temperature in
the iron oxide film before annealing, SP1, was not identified in the annealed film SP2.

5.4 Simulation of Bismuth implantation

Theoretical simulation of bismuth implantation was carried out with the D-Trim soft-
ware. The simulation parameters are selected to represent the implantation taking
place in the laboratory with a unit cell of 10000 Å. A first set of samples implanted
with single charged bismuth, Bi+, were used for RBS, XRD, Raman and magnetic char-
acterisation. In order to increase the contrast, the TEM images were analysed with the
second set of samples based on implantation of double charged bismuth, Bi2+. Dou-
bling the ions charge for the same applied potential double the implantation energy,
and thus this should result in a deeper ion implantation and a modification in the
concentration of ions. The comparison is theoretically simulated and shown in Figure
5.4.1.
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(a) Implantation of Bi at 28 keV. (b) Implantation of Bi at 56 keV.
Figure 5.4.1: Theoretical simulation of Bi implantation into Fe3O4. The saturation occurs at

a fluence of 3×1016 at.cm−2 (green line). (a) At a depth of 17 nm, the concentra-
tion is 27 at.cm−2 and (b) at a depth of 25 nm, the concentration is 10 at.cm−2.

To synthesis this material, an iron oxide film is deposited by ion beam sputter-
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ing. The Bi is implanted at 28 keV (56 keV for the samples analysed with TEM). The
projected range is 14 nm. From the Dyn-TRIM simulation, the Bi implantation resulted
in the sputtering of a significant amount of O, Figure 5.4.2. Dynamic TRIM calculates
the ions range profile, composition of the target, stopping power and the preferential
sputtering yield for a dynamically varying target.

D-Trim is a software program that simulates the theoretical implantation of a se-
lected ion species into a selected targeted material. In this case, the implantation of
bismuth ions into iron oxide is modelled at at 28 keV and 56 keV. This implantation
energy was selected for practical reasons. The simulations are based on the assump-
tion that the target material is a pure Fe3O4 magnetite film. The presence of α-Fe2O3

hematite and γ-Fe2O3 maghemite would modify the general density of the target and
thus modify the stopping range power [Sigmund, 2004]. The stopping power is based
on series of interaction between the implanted ions and the atoms’ electrons from the
target material; a denser material has a higher stopping power [Sigmund, 2004]. The
energy of implantation is another simulated parameter. Increasing the energy increases
the kinematic energy of the incident ions and leads to implanting ions deeper under the
target material surface [Rivière and Myhra, 2009]. After a certain number of events, or
ions implanted, a charge effect could occur, resulting in an increased stopping power of
the incident ions [Sigmund, 2004]. Implantation destroys the crystallographic config-
uration, creating disorder in the material, leading to more interstitial vacancies being
occupied and modifying the ions range [Sigmund, 2004]. During the implantation,
the series of inelastic collisions can provide the energy necessary to break some of
the bonds between the target’s molecules, gaining mobility to either diffuse towards
the inner layers or outward (sputtering) [Sigmund, 2004]. Newly implanted ions may
also be sputtered out [Sigmund, 2004]. Implantation saturation occurs when incident
ions sputter out other ions of the same type, i.e. each implanted ion sputters another
ion outside the material [Sigmund, 2004]. From the D-Trim simulation, bismuth im-
plantation saturation is theoretically reached at a fluence of 3×1016 at.cm−2 [Sigmund,
2004]. Implanting heavy elements in a light material modifies the density of the tar-
get, creating an energy barrier, and results in a shallower implantation even when the
accelerated energy is constant.

The D-trim simulations of bismuth implantation into Fe3O4 are displayed in Fig-
ure 5.4.1 (a), Bi at 28 keV, and (b) Bi at 56 keV. Figure 5.4.1 displays different bismuth
implantation fluences, in an effort to increase the contrast from implanted bismuth
from the sputtered film, from 1×1016 at.cm−2 to 9×1016 at.cm−2. From this figure, the
implantation saturation is reached when implanting at a fluence of 3×1016 at.cm−2

(green line), which is the dose selected in the laboratory. The same saturation level
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exists when doubling the implanted energy, Figure 5.4.1.

The simulations were first optimised as a function of the incident energy of single
charged bismuth ion, Bi+ (Figure 5.4.1 (a)), and double charged ions, Bi2+ (Figure 5.4.1
(b)). The double charged ions have twice the energy compared to single charged ions
with the same acceleration potential, meaning Bi2+ implanted at an incident potential
of 28 kV is equivalent to Bi+ implanted at 56 kV [Sigmund, 2004]. The first set of im-
plantations was used to analyse the surface, so the implantations were purposefully
shallow and limited to about ∼25 nm. The optimal energies to compare with other
synthesis techniques discussed previously in Chapter 4 BiFeO3 thin film at nanoscale
and other material synthesis by ion implantation presented in Appendix D are 28 keV
and 56 keV. Fluence optimisation is based on the fluence at saturation and is theoret-
ically determined with D-Trim for a specific energy and target. This optimisation is
shown in Figure 5.4.1. The bismuth saturation fluence is about 3×1016 at.cm−2. RBS
analysis on several implanted samples confirms the accuracy of the theoretical model
of D-Trim [Sigmund, 2004]. In Figure 5.4.1, the area under the curve represents the dose
of bismuth implanted into the target material. The effect mentioned earlier in which in-
creasing the fluence creates an energy barrier and increases the stopping power range
is visible in these figures, as the implantation depth becomes shallower as the fluence
increases.

These simulations will guide future work on bismuth-implanted iron oxide ma-
terial, as the next set of samples made will have an iron oxide sputtered film thickness
limited to less than 50 nm in order to match the implantation depth profile of the dou-
ble charged ions. This has potential to enhance bismuth-implanted properties that
might be hidden in the current analysis.
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Figure 5.4.2: Depth profile of 2×1016 Bi.cm−2 into iron oxide calculated with D-TRIM.
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The Figure 5.4.2 shows the theoretical effect of implanting Bismuth into iron oxide
film. In this simulation, the iron oxide layer was assumed to be made of magnetite,
Fe3O4, density of 5.15 g cm−3 [Siratori and Kino, 1980]. Implanting bismuth show a
preferential sputtering of oxygen.

5.5 Annealed iron oxide film implanted with Bi ions and

annealed a second time, SP2-Bi-A
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Figure 5.5.1: RBS of iron oxide film that was annealed at 500 °C for 15 min then implanted
with bismuth and annealed at 500 °C for 15 min, SP2-Bi-A (circle). Also, shown
is the RUMP fit. Bismuth is diffused toward the inner layer of the film.

Figure 5.5.1 displays the annealed iron oxide film subsequently implanted with
bismuth and annealed a second time SP2-Bi-A. The RUMP simulation is made with
an assumption of a material with 6 layers, the details are provided in Table C.1.1.
The surface layer is composed of Fe2.5, O2 and Bi1.7 with an estimated thickness of
42 nm (1.9×1017 at.cm−2, 4.48×1022 at.cm−3). This stoichiometry could be explained
with phases of Bi, FeO and Fe. The second layer is made of Fe2, O3, Si0.1 and Bi0.012
with a thickness of 108 nm (8×1017 at.cm−2, 7.43×1022 at.cm−3). This stoichiometry
can be explained with phases of Fe2O3 and atoms of bismuth diffusion into silicon.
The third layer is composed of Fe0.1, Si1O2 and Bi0.012 with an estimated thickness of
19 nm (1×1017 at.cm−2, 5.37×1022 at.cm−3). The stoichiometry can be explained by the
diffusion of bismuth and iron into SiO2. The fourth layer is SiO2 with an estimated
thickness of 636 nm (3.3×1018 at.cm−2, 5.18×1022 at.cm−3). The layers’ underneath are
showing the bulk silicon, detailed are provided in Table C.1.1. The bismuth concen-
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tration, estimated with the RUMP simulation, is about 0.9×1016 at.cm−2 and iron is
estimated at 4×1017 at.cm−2. From this technique, the oxygen from the substrate can’t
be distinguish from the oxygen in the film.

The Bi dose is significantly less than expected from the theoretical implantation
conditions which is ∼64% of the dose measured from the as-made (SP1) sample which
is more than the dose of Bi atoms after annealing the film. This increase loss may be
due to enhanced Bi diffusion that leads to a greater Bi loss during the annealing. This is
supported by the theoretical modelling that shows a significant Bi diffusion within the
film. The diffusion is not seen in sample SP1-Bi-A (Section C.2). A possible explanation
for this increased diffusivity could be that nanocrystalline iron oxide has formed after
the initial annealing (SP2), and that the Bi diffusivity is higher in this iron oxide film
when compared with the unknown phases that exist before annealing (SP1).

The loss of Bi after annealing was not seen in Chapter 4 for BiFeO3 thin films
made by sputtering and annealing. The BiFeO3 film retained most of the bismuth
when annealing in an oxygen atmosphere. This suggest that Bi ions form weaker bonds
when they are implanted into iron oxide then when they are sputtered with iron and
oxygen. The two samples are different material and the diffusivity of Bi may suggest
that different phases are formed on the different samples (sputtered BiFeO3 and SP2-
Bi-A).

The XRD analysis of SP2-Bi-A is shown in Figure 5.5.2 (a). Hematite (JCPDS 00-
033-0664) can be clearly seen in the XRD data indicating that this phase is still present.
The XRD intensities are weaker in the case of the SP2-Bi-A sample then the sample SP1
and SP2, which suggests that the hematite fraction has reduced after Bi implantation
and annealing. Figure 5.5.2 (b) shows a hematite (104) peak and a pseudo Voigt fit.
For this fit µ is 1, which indicates a Lorentzian peak. The full width half maximum is
the same as that found in the annealed FeOx film (SP2) and indicates that the average
nanoparticle sizes are the same.

Figure 5.5.2 (a) displays sign of signal from magnetite and/or maghemite. Both
magnetite and maghemite have similar lattice parameters and similar X-ray diffraction
peaks. Figure 5.5.2 (c) shows an expanded XRD plot centred at 50°. That figure is
displaying the magnetite (400) peak as well as the hematite (224) peak. There is also
another peak that is likely to be the FeO (024) peak. The FeO peak is shifted due
to strain. Also, shown in the figure is three pseudo Voigt fits. The magnetite peak
has a full width half maximum of 0.94° and a Scherrer analysis implies an average
nanoparticles size of 11±4 nm. The µ parameter is 0 that indicates a Gaussian peak.
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Figure 5.5.2: XRD, grazing angle 5°, of SP2-Bi-A on SiO2. Also, seen in this figure are JCPDS

00-033-0664 (hematite), JCPDS 00-019-0629 (magnetite) and JCPDS 01-089-0690
(FeO). (b) Magnified around the hematite (104) peak. Also shown is a pseudo
Voigt fit centred at 38.7° with a full width half maximum of 0.27°. (c) Magnified
around 50°. Also seen is the hematite peak (024) and Voigt fit function centred
at 47.8°with a full width half maximum of 0.27°, FeO peak (024) with a Voigt
function centred at 49.4° and a full width half maximum of 0.56° and Fe3O4

with a Voigt function centred at 51° and a full width half maximum of 0.94°.
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The hematite peak could be fitted with the same full width half maximum seen for the
(104) peak. The peak in the middle had a full width half maximum of 0.56° and average
particle size was 25±5 nm as estimated from the Scherrer equation. The µ parameter
is 1 that indicates a Lorentzian peak. Thus, the XRD analysis shows that there are
some small magnetite and FeO nanoparticles. The hematite nanoparticle size has not
changed after implanting Bi and this could because the remaining hematite phase is
located further into the film as seen in the TEM data discussed below, Figure 5.5.3.

Figure 5.5.3: TEM image of SP2-Bi-A. Also, shown in this figure are the SiO2 substrate,
130 nm of iron oxide deposited film (label Fe, O), and 25 nm of Bi implanted
into iron oxide (label Bi, Fe, O). A carbon and platinum layer, not part of the
sample, were deposited for TEM analysis. Inset shows the SAED analysis. The
d-spacing, red rings, are matching magnetite or maghemite.

Figure 5.5.3 shows the TEM image of SP2-Bi-A. Also, shown in this figure are the
SiO2 substrate, 130 nm of iron oxide deposited film, and 25 nm of bismuth implanted
into iron oxide. There is also a carbon and a platinum layer, which are not part of the
sample. The coating was applied as the preparation for TEM analysis. The bottom
layer of the iron oxide shows more order and structure then the TEM of SP1-Bi-A (Sec-
tion C.2), suggesting that a polycrystalline material might have formed. The top layer
of the iron oxide is more uniform, indistinguishable apart from a few dark columns.
This might suggest that area of the film is highly distorted or amorphous.
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The implanted bismuth ions seem to be more concentrated in the top 30 nm layer,
with possible diffusion into the 60 nm area. The sample analysed by TEM is different
than the sample used for the other analyses in this chapter, that can be explained a
few differences. The TEM analysis is made on a sample implanted with Bi at 56 keV.
The D-Trim simulation predicted an implantation depth of 25 nm and the RBS analysis
does show bismuth diffusion toward the inner layers. The diffusion could explain the
60 nm layer containing bismuth.

Also, shown in Figure 5.5.3 is the SAED analysis, with 5 red rings enhancing the
diffraction contrast. The SAED rings are almost complete, however the contrast is still
faint. The 5 red rings displayed on the SAED come from magnetite or maghemite. The
concentration of bismuth might be insufficient to be seen in this analysis. The 5 rings
are linked to the 5 most intense XRD diffractions of magnetite and maghemite. The
most intense XRD peaks of hematite are not visible in the d-spacing. Those rings are
unlikely diffracted from a hematite phase.

Also, shown in the inset of Figure 5.5.3 are a few white spots not linked to any
ring, which might suggest other material was formed. Both implanted bismuth films
(SP1-Bi-A and SP2-Bi-A) have a similar SAED image. Both materials show diffraction
rings that could be linked to Fe3O4 or γ-Fe2O3, and both display white spots that could
indicate another crystalline material is present in the film. Further comparison between
the TEM images shows that both films are very similar, with a bismuth-implanted re-
gion and an iron oxide layer having one half well-structured and the other half almost
amorphous. The similarities are unexpected because RBS analysis clearly shows a bis-
muth diffusion in the sample SP2-Bi-A, however this diffusion is not seen in the sam-
ple SP1-Bi-A. This occurs while both TEM images do not show bismuth diffusion in
the films.

The XRD displays different iron oxide as this was possible to suspect from the
RBS analysis, while the TEM analysis suggest that the iron oxides phases are mainly
magnetite and maghemite. The SAED diffraction peaks show the presence nanocrys-
talline phases.

The Raman spectrum, Figure 5.5.4, of SP2-Bi-A mainly displays hematite. Also,
shown in this figure are the as-made iron oxide film (SP1) and the annealed iron ox-
ide film (SP2) for comparison. The Raman spectrum displays α-Fe2O3 hematite that is
also seen in the XRD data. The inset shows that the peak widths do not change. The
hematite Raman intensities are lower after the bismuth implantation and the annealing
process that might be expected from the XRD analysis. The XRD data is inconclusive
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on the presence of a bismuth phase, however Raman spectroscopy confirms the pres-
ence of Bi in the sample. The limit of detection and the low concentration of bismuth
could explain the absence of Bi XRD diffraction peak in Figure 5.5.2. While magnetite
is visible in the XRD and SAED analysis, the Raman spectrum exclude the presence
of magnetite, this suggest either Fe3O4 is in small concentration. As the Raman shift
at ∼705 cm−1 is not seen in Figure 5.5.4, the Raman spectrum analysis suggest that
maghemite is present in this film or the concentration of maghemite is smaller than the
concentration of magnetite. Raman spectrum confirm the presence of bismuth phase,
however BiFeO3 phases does not form unless the concentration of that phase is below
the limit of detection.
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Figure 5.5.4: Raman spectrum of SP2-Bi-A. The bismuth-implanted film (green) is compared
with SP1 (black) and SP2 (red). The Raman spectrum shows hematite (stars)
and silicon substrate at 521 cm−1. Inset shows a comparison of normalised SP2
and SP2-Bi-A, normalisation based on the hematite 414 cm−1 Raman shift.

The silicon peak after bismuth implantation (SP2-Bi-A) is more intense than the
silicon peak before implanting bismuth and annealing, as-made film (SP1). This sug-
gests that the absorption coefficient of the film is lower after Bi implantation followed
by an annealing (SP2-Bi-A). This is not expected since metallic Bi is seen in the Raman
data, SP2-Bi-A Figure 5.5.4. This could be caused by the Bi metal fraction being too low
to affect the absorption coefficient. The absorption changes are due to a change in the
magnetite fraction as there is more maghemite after the Bi implanting and annealing.

The Raman active mode before (SP1 and SP2) and after implanting Bi (SP2-Bi-A)
are from hematite and Bi is also observable after the implantation. Other iron oxides
were expected from the XRD analysis. The absence of other iron oxide signal can be
explained by the quantity of hematite being more significant than the concentration
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of magnetite and maghemite. The measurement of magnetic properties will provide
more information on the phase fraction of magnetite and maghemite.
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Figure 5.5.5: Magnetic moment measurement carried out on SP2-Bi-A. The field loop shows
an enhanced magnetic moment at saturation at low temperature. The inset
shows a hysteresis loop at low temperature (red) that is not clearly visible at
ambient temperature (black). The field loop is plotted from -2 T to 2 T. The 5 K
temperature measurement was taken after cooling the sample in a 6 T applied
field, resulting in an exchange bias as seen in the inset.

The magnetic moment of SP2-Bi-A is shown in Figure 5.5.5. This film has a mag-
netic moment of 0.096 µB/Fe at 6 T and the saturation point does not seem to be
reached. The magnetic moment is higher than the reported value for antiferromag-
netic BiFeO3 which suggests that the film does not have a significant BiFeO3 fraction.
This is consistent with the XRD and Raman analysis where BiFeO3 is not observed. The
6 T moment is 26% of that found in the 500 °C annealed film. This value is 4% of that
seen in the as-made FeOx film (SP1). This could suggest that the magnetic moment is
due to a very small fraction of the ferromagnetic phase seen in the as-made film (SP1).
The inset shows that there is still an exchange bias that will be discussed with the Fig-
ure 5.5.8 (a). The SP2-Bi-A film shows ferrimagnetic magnetite and/or maghemite in
the XRD and SAED data. Thus, they could also be contributing to the moment. In
that case, there would be ∼7% of magnetite and/or maghemite. The moment does not
saturate even at 6 T that could suggest an antiferromagnetic phase and/or the present
of a disordered magnetic phase.

Figure 5.5.6 displays the temperature-dependent response under the influence of
a 6 T applied magnetic field of SP2-Bi-A. The moment per Fe has a low temperature up-
turn that was not seen in the other films. This could arise from unordered Fe moments
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for this reason the saturation moment was fitted to mFe = mb∗(1−D ·xn)+C0/((x−θ))

where the first term is Bloch’s 3/2 function and the second term is the Curie-Weiss
equation. This gives a good fit to the data with D = 8 × 10−5 K−1.5, C0=0.075 K, and
θ= -7±2 K.
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Figure 5.5.6: Temperature dependence at 6 T of the magnetic moment per Fe on SP2-Bi-A.

Also shown is a fit to the modified Bloch function (solid curve).

The fitted D is about half the value seen in the 500 °C annealed FeOx film (SP2).
However, The D value of SP2-Bi-A is very close to the value seen in the as-made film
(SP1). This may suggest that magnetic moment is due to a small fraction of the un-
known ferromagnetic phase that occurs in the as-made film (SP1).

The negative Curie-Weiss temperature suggests that there is an antiferromagnetic
exchange between the unordered Fe moments. The Curie-Weiss function can be writ-
ten as:

m

N µB

=
P 2

eff µB B

3 kB (T − θ)
. (5.5.1)

where m is the measured magnetic moment, N is the number of Fe atoms, µB is
the Bohr magneton, Peff is the effective moment per Fe, B is the applied magnetic field
of 6 T, kB is the Boltzmann constant, T is the varying temperature and θ is the Curie
temperature. Thus, C0 = P 2

eff × µB × B/(3kB) and hence P 2
eff = 0.86 × (C0)

0.5. Us-
ing the measured C0 then the effective moment per Fe is 0.24 µB. This is far less than
expected for Fe2+, Fe3+, or metallic Fe. The theoretical effective moment for different
Fe spin configurations can be calculated from Peff=g(S(S+1))1/2. Fe2+ in different spin
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configurations can have S=2 or 1/2 or 0 so Peff would be 4.90 µB, 1.73 µB or 0 µB. Dif-
ferent Fe3+ spin configurations with S=5/2 or 1/2 or 3/2 then Peff of 5.91 µB, 1.73 µB or
3.87 µB. If the magnetic moment was from magnetite that has one Fe2+ for every Fe3+

then the effective moment should be greater than 1.41 µB if all the Fe moments were
magnetically ordered, which is far greater than the measured value. A similar anal-
ysis for maghemite would reach the same conclusion. Thus, a low effective moment
for Fe is consistent with significant antiferromagnetic order from phases that include
hematite seen in the XRD and Raman data.

Figure 5.5.7 displays the ZFC-FC at 10 mT of SP2-Bi-A. There is a hysteresis up
to the highest measured temperature and this indicates that there is no evidence for
superparamagnetism. Magnetite nanoparticles are seen in the XRD and SAED data.
However, the average particle sizes, estimated with the XRD analysis and the Scher-
rer’s equation (equation 3.3.11) are too large for a blocking temperature to occur below
ambient temperature (equation 2.1.6). There is no evidence for the low temperature an-
tiferromagnetic phase seen in the as-made sample (SP1), however the annealed FeOx

film (SP2) does show traces of that phase.
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Figure 5.5.7: ZFC-FC carried out on SP2-Bi-A at 10 mT. Also, shown in the inset of this figure
is a magnified scale of the FC measurement near ambient temperature.

The Figure 5.5.8 (a) displays the exchange bias of SP2-Bi-A (circles). The anneal-
ing is done under an O2 atmosphere. The exchange bias measurement was taken after
cooling the sample in a 6 T applied field from 330 K. The exchange bias disappears
above ∼100 K. This can also be seen for the as-made FeOx film (SP1) where the data
points follow a similar curve. This suggests that the exchange bias is from the same
ferromagnetic and antiferromagnetic phases in both films. Also shown is the exchange
bias for the 500 °C annealed film (SP2). The exchange bias of SP2 is weaker than the
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exchange bias of SP2-Bi-A, however both have |Bex| ∼ 0 at ∼100 K.
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(a) Exchange bias of SP2-Bi-A (circles). (b) Coercive field of SP2-Bi-A (circles).
Figure 5.5.8: Exchange bias and coercive field measurements were taken after cooling from

330 K, the sample in a 6 T applied field. Also, shown in this figure is the ex-
change bias and oercive field of the annealed FeOx film (SP2) (plus symbols),
as-made iron oxide film (SP1) (crosses), and SP1-Bi-A (green symbols).

The Figure 5.5.8 (b) displays the coercive field of SP2-Bi-A (circles). The annealing
was done under an O2 atmosphere. The coercive field measurements were taken after
cooling from 330 K in a 6 T applied field. Also shown are the coercive fields from the
other films. The temperature dependence of the coercive fields is similar for both Bi
implanted films and the 5 K and 300 K data for the annealed FeOx film (SP2) are also
similar. The coercive field is small at 300 K. This can be compared with the as-made
FeOx film (SP1) where the coercive field decreases with increasing temperature and
nearly plateaued above ∼100 K. This suggests that annealing has the biggest effect on
the coercive field and the additional implantation of bismuth does not significantly
alter the coercive field.

5.6 Atomic force microscopy, AFM

AFM analysis displays the deposition of iron oxides (SP1) as regular and smooth,
and the average grain size is estimated to be 4 nm by Gwyddion software [Nečas
and Klapetek, 2012]. The structure is similar to narrow islands. While annealing the
iron oxide films (SP2) increases the particle grain size, with an average grain size of
11 nm, annealing provides a degree of mobility to the molecules to form islands with
enhanced topography. This seems to lead to an outward diffusion or growth of the
iron oxide islands cluster. The mobility or oxidation could be responsible for the new
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surface that grew out of the surrounding material. When compared with Raman and
XRD analysis, the SP1 film contains an amorphous material deduced to be iron oxide
phases, while after annealing (SP2) the main iron oxide present seems to be α-Fe2O3

with a possible mix of γ-Fe2O3 and Fe3O4. The mix of iron oxides could lead to the
uneven surface seen in the AFM imaging.

(a) SP1, average grain size ∼4 nm. (b) SP2, average grain size ∼11 nm.
Figure 5.6.1: AFM, 3-D image of the surface of SP1 and SP2.

Implanting bismuth into an as-made iron oxide film (SP1-Bi-A) increases the
damage at the surface of the material; more features are visible after the implanta-
tion, however the particles’ grain size is similar to SP1, with an average grain size of
3 nm. This could be indicative of molecular bonds breaking under the incident kinetic
bismuth interaction with the iron oxide film. From Raman and XRD analysis, the sam-
ple mainly contains iron oxides. The bismuth implantation does not seem to have a
significant effect on the structure. The differences in topography between the as-made
iron oxide (SP1) and the bismuth implanted in as-made iron oxide (SP1-Bi-A) are very
small (Figure 5.6.2 (a)).

Annealing before and after implanting bismuth in an iron oxide film (SP2-Bi-A)
results in a smooth film, with an average grain size of 8 nm. The material was able to
recover from the surface damage by increasing the surface particles’ grain size. The
biggest change is the loss of the longitudinal growth that was present in the annealed
iron oxide film (SP2). The different composition analysis (e.g. XRD and Raman spec-
troscopy) performed on this film (SP2-Bi-A) confirms that Fe3O4 is in the film and that
α-Fe2O3 is also present. The AFM analysis highlights the importance of annealing and
the order of implantation and annealing. Comparing the SP1-Bi-A sample and the
SP2-Bi-A sample, shows a significant modification to the roughness, topography and
a difference in grain size. Under the AFM analysis, the as-made iron oxide film (SP1)
is similar to SP1-Bi-A, while the annealed iron oxide film (SP2) is similar to SP2-Bi-A.
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In the last comparison, the annealed iron oxide film is smoother than the bismuth-
implanted film. This comparison could suggest that the double-annealed film (SP2-Bi-
A) contains a quantity of Fe3O4, while the film annealed only once (SP1-Bi-A) contains
more α-Fe2O3. This is seen in the magnetic order figures. The bismuth implantation
seems to have stopped the growth of iron oxides islands. In this sample with bismuth
(SP2-Bi-A), the features seem more uniform and closer to the surface when compared
to the annealed iron oxide film (SP2) without implantation.

(a) SP1-Bi-A, average grain size ∼3 nm. (b) SP2-Bi-A, average grain size ∼8 nm.
Figure 5.6.2: AFM, 3-D image of the surface of SP1-Bi-A and SP2-Bi-A.

5.7 Conclusion

In conclusion, implanting bismuth ions into iron oxide thin film modifies the magnetic
moment, the topography and the surface roughness. Implanting bismuth changes the
iron oxide phases in the film and the crystal formation. Although no BiFeO3 was seen
after implanting bismuth into iron oxide thin film, further work is required to syn-
thesise a multiferroic material. Interesting magnetic and structural modifications were
seen after implanting bismuth ions. The iron oxide sputtered as-made film (SP1) seems
to contain a small, 5 nm, unknown phase with FeO, 9 nm. This unknown phase dis-
plays a strong magnetic-ordered. This new phase could be in a metallic form. The
exchange bias confirms that film contains a ferromagnetic and antiferromagnetic inter-
face, the antiferromagnetic phase is likely to be FeO and the ferromagnetic phase could
be this unidentified phase with a possible contribution from magnetite. Magnetite is
expected and the temperature dependence also suggest an amount of Fe3O4 is present
in the film.

Annealing the iron oxide film leads to a material mainly composed of α-Fe2O3,
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however other iron oxides could still be present in the film. If Fe3O4 and γ-Fe2O3 are
present, they must be in low quantities and small in size or amorphous to not be seen in
Raman and XRD analysis. The annealing significantly reduced the magnetic moment,
15% less, suggesting that the highly magnetic phase in the as-made iron oxide film
(SP1) is reduced with annealing (SP2). An exchange bias is seen after annealing where
the source is likely to be from the same phase that were found in the as-made iron
oxide film.

SP2-Bi-A clearly shows the presence of hematite phase although that phase’s con-
centration was reduced after implanting bismuth and followed by an annealing. Mag-
netite and maghemite, possibly 7%, are also present in this film. A very small fraction
of the ferromagnetic phase found in the as-made iron oxide film (SP1), maybe 4% or
less, could still be present in SP2-Bi-A.

Comparing SP2-Bi-A with SP1 and SP2 magnetic moment suggest that the same
antiferromagnetic and ferromagnetic phases are present in each film. The compari-
son between SP2-Bi-A, SP1 and SP2 confirms that the coercive field is influence by the
annealing of the films, however the bismuth implantation does not have a significant
effect on the coercive field. The implanted bismuth ions have a greater diffusivity than
the bismuth in the BiFeO3 sputtered film. Implanting bismuth in the annealed iron
oxide further increases the diffusivity of bismuth after the second annealing. So, the
magnetic ordering is mainly caused by iron oxides, a ferromagnetic and antiferromag-
netic ordering is discussed and the iron oxide phases induce the exchange bias, which
confirms the exchange bias analysis of the BiFeO3 sputtered thin film which could
come from iron oxide phases present in the sputtered film.

For future work, some parameters should be study further, like the annealing
temperature and duration, to understand the formation of the different phases. With
the aim of synthesising BiFeO3, increasing the implantation energy or implanting iron
ions into a bismuth oxide film could be of interest. In order to focus on the synthesis of
BiFeO3, implanting bismuth into a thinner iron oxide film would also be of interest.



Chapter 6

Summary and outlook

This chapter summarises the work carried out and provides an outlook for future
research that can extend the analysis and potentially lead to new magneto-electric,
magneto-optical or magneto-electric-optical devices, such as magneto-electric random
access memory (MeRAM) and other micro-chips for computers.

6.1 Summary

This thesis is about the study of the synthesis of nanostructured multiferroic films
and their structural, electronic and magnetic properties. A multiferroic BiFeO3 thin
film was successfully synthesised by ion beam sputtering and subsequent annealing
at 500 °C for 15 minutes in an oxygen atmosphere. The magnetic properties are pri-
marily due to secondary phases of iron oxides that induced an exchange bias and spin
glass. Ferroelectricity is confirmed by the piezoelectric response which also confirms
the proper phase of BiFeO3 is formed. Another approach to synthesise BiFeO3 thin film
was attempted by implanting bismuth ion implantation into iron oxide thin film. The
synthesis resulted in the formation of a mix of ferromagnetic and antiferromagnetic
materials, however there was no evidence that BiFeO3 was formed.

To conclude the key findings of the two different ion beam synthesis techniques.
The ion beam sputtering of BiFeO3 successfully synthesis multiferroic nanocrystalline
BiFeO3 films. The magnetic properties are primarily due to iron oxides which induced
an exchange bias. The ferroelectricity is confirmed by piezoelectric response and this
ferroelectric property also confirms the proper phase of BiFeO3 is synthesis after an
annealing at 500 °C. The bismuth implanted film mainly contains iron oxide which
causes the exchange bias.

BiFeO3, rhombohedral, is a multiferroic material with potential application in
small scale electronic, opto-electronic applications. The films synthesis by ion beam
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sputtering displayed an exchange bias up to 250 K. Ambient temperature exchange
bias material has potential applications as there is still a quest to achieved high temper-
ature exchange bias. Triple ion implantation was also carried out and the preliminary
results suggest those films to mainly contains iron oxide even though no exchange bias
was observed.

Chapter 4, ion beam sputtering of BiFeO3, showed that this material is multi-
ferroic at ambient temperature. As described in that chapter, the BiFeO3 thin film
contains some iron oxide secondary phases, so synthesising a pure monocrystalline
material would require more work and optimisation of the synthesis technique. One
possibility to reduce the impurities is to increase the temperature of the substrate dur-
ing the ion beam sputtering of BiFeO3. Due to the quantity of iron oxide in the film,
the ferro-electrical properties of BiFeO3 in a superparamagnetic state was not studied.
BiFeO3 displayed multiferroic properties and an enhance magnetic response gener-
ated by some iron oxide phases. The Magneto-Optical Kerr Effect (MOKE) confirms
the great optical properties with one of the highest Verdet constants reported. The con-
centration of BiFeO3 is also tuned by the annealing temperature while increasing the
annealing duration result in the formation of Bi2Fe4O9. After discussing in detail the
presence of secondary phases in BiFeO3, the main secondary phases were confirmed
to be iron oxides. The effect of iron oxides on the film is to enhance the magnetic mo-
ment at saturation and to change the magnetic ordering of the film. Some iron oxides
are weakly ferromagnetic, ferrimagnetic and antiferromagnetic. These properties can
be seen through magnetic analyses. BiFeO3 is ferroelectric and antiferromagnetic, re-
sulting in an ambient temperature intrinsic multiferroic. The iron oxide fraction is up
to 40% of the films. The electrical ordering comes from BiFeO3 nanoparticles, while
the magnetic ordering comes from a mix of BiFeO3 and iron oxides phases. Increasing
the iron content of a multiferroic or piezoelectric material has already been studied to
build an extrinsic multiferroic material that displays a stronger magnetic moment. In
the end, nano-structured BiFeO3 was successfully achieved.

The synthesis of BiFeO3 phases by bismuth implantation of iron oxide, Chap-
ter 5, led to an interesting study of the limited effect of bismuth on iron oxide. The
iron-oxygen bond resists the implantation of bismuth at high energies at a depth of up
to 50 nm. The films are almost entirely made of iron oxides. The as-made iron oxide
film is a mix of iron oxide phases, not clearly identified, and FeO. The main iron oxide
present after annealing this film is hematite, however magnetite, maghemite, and FeO
might also be present. The annealing reduces the fraction of the magnetic phases from
the as-made iron oxide film. After bismuth implantation, non-magnetic materials like
bismuth or bismuth oxide are also present. The ferromagnetic phase is reduced when
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the as-made iron oxide is implanted with bismuth and annealed. That phase is further
reduced when the annealed iron oxide film is implanted with bismuth and annealed.
The implantation of bismuth in an iron oxide film does not significantly modify the
coercive field while annealing the film does. The bismuth implantation result in an
increase bismuth ions diffusivity when compared to a sputter thin film. The diffusiv-
ity is even greater if the iron oxide film is annealed before implanting bismuth ions.
Bismuth implantation seems to stop the growth of iron oxide phases.

6.2 Outlook

This section will outline possible future projects, which would add further information
and improve the scientific knowledge of the presented results. Further measurements
that may include leakage current, magneto-electric coupling for potential application
devices and confirms a multiferroic model. The study of elements doping and mate-
rial modifications dependency on BiFeO3 thin film can increase the knowledge of the
structural, magnetic and electrical properties and their influence.

To improve the ion beam sputtering synthesis of BiFeO3, Chapter 4, several pos-
sibilities are available like investigating the nanostructured film, investigating the syn-
thesis a secondary phase free thin film and synthesis a monocrystalline thin film.

The Investigation of the nanostructured film could rely on Core-shell study as
iron oxide phases are present an exchange bias could be explained with magnetite-
maghemite core-shell structure. Core-shell interaction can be seen with SEM, detail-
ing the nanoparticles in high resolution. The iron oxide present in the film enhances
the magnetic saturation moment, which is advantageous for building application de-
vices. The nanostructure can be studied by modifying significantly the structure with
doping ions, e.g. Xe, Fe, Cr. Chromium doping is known to reduce the leakage cur-
rent, however the interaction model is not clearly identified. As iron oxide phases are
responsible for the magnetic moment, increasing the amount of iron would be inter-
esting to analyse the magnetic response and ferroelectricity property. For application
device, enhancing the magnetic moment in a multiferroic material is of high interest.
The magnetic moment and the piezoelectric coefficient dependency to the thickness of
the film is another subject to be further studied.

The investigation of a secondary phase free thin film should be search to further
understand the multiferroic model and confirming the existence of intrinsic multifer-
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roic. This research might focus on the optimisation of annealing temperature, anneal-
ing duration and the sputter target quality that could limit the secondary phase in the
deposited film.

The investigation of the synthesis of a monocrystalline thin film would require
to selected the substrate or stack of contact layer that limit strain and stress on the de-
posited film. Depositing thinner film on a smaller area would increase the probability
to form a monocrystalline film. An optimisation of the cleaning and storage proce-
dure would be necessary to reduce contamination that could generate disorder. An
optimisation of the synthesis technique could be attempted, however ion beam sput-
tering is not known to deposit monocrystalline film, ripple effects have been reported.
To increase the probability of deposing a monocrystalline film, an optimisation of the
technique and conditions could be studied like increasing the pressure or the substrate
temperature during sputtering, also the annealing could be done with a slower tem-
perature ramp up and ramp down to limit the thermal stress.

The interest of bismuth implanted iron oxide thin film came from the possibility
to form BiFeO3 and magnetic nanoparticles. The results suggest that the formation
of BiFeO3 could be unlikely with this approach, an optimisation of this procedure is
still required to completely dismiss the possibility of forming BiFeO3 nanoparticles.
Although, the results show the formation of magnetic nanoparticles which can be in-
teresting for applications. The optimisation suggested are the implantation energy (in-
crease the implantation energy might increase the quantity of bismuth bonding with
iron oxide), implantation order (iron doping of bismuth oxide could be a more promis-
ing doping technique as iron creates bond with oxygen easily), annealing temperature
and duration by doing intermediary condition this could lead to an understanding of
the formation and atoms binding. The effect at the surface of the film could be interest-
ing to study, that study could be done by reducing the bismuth implantation energy.
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Appendix B

Sputtered BiFeO3

Complementary analysis, information of the BiFeO3 sputtered films are presented in
this annex. The details of the RUMP fit are provided in the tables of Section B.1 and for
the first time in literature the contact angle measurement of BiFeO3 thin is presented in
Section B.2.

B.1 RUMP: complementary RBS analysis

The tables in this section present the details of BiFeO3 sputtered films’ RUMP fit. Thick-
ness in at.cm−2 and stoichiometry are estimated from the RUMP fit. The layer’s density
in at.cm−3 is estimated with the software SRIM. The film thickness in nanometre is cal-
culated from the thickness in at.cm−2 and the density. As-made and annealed film
at 500 °C for 15 minutes RUMP fits stoichiometry includes hydrogen to simulate the
channelling effect of the substrate.

Table B.1.1: As-made BiFeO3 RUMP fit’s parameter.

Thickness RUMP Density SRIM Thickness
layer (at.cm−2) Bi Fe O Si H (at.cm−3) (nm)

1 2×1017 1 1 4 0 0 4.28×1022 47
2 4.75×1017 1 1.3 1.9 0 0 4.41×1022 108
3 5.5×1017 0 0 2 1 0 5.18×1022 106
4 4.5×1017 0 0 0 1 3.5 4.90×1022 92
5 7.5×1018 0 0 0 1 2.5 4.92×1022 1525
6 5×1018 0 0 0 1 2 4.93×1022 1014
7 5×1018 0 0 0 1 1.5 4.94×1022 1012
8 5×1018 0 0 0 1 1 4.95×1022 1010
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Table B.1.2: BiFeO3 annealed 500 °C, 15 min, RUMP fit’s parameter.

Thickness RUMP Density SRIM Thickness
layer (at.cm−2) Bi Fe O Si H (at.cm−3) (nm)

1 7×1017 1 1.2 3.6 0 0 4.40×1022 159
2 2.4×1017 1 1.8 4.2 1.7 0 4.81×1022 50
3 6×1017 0.02 0 2 1 0.6 5.03×1022 119
4 5×1017 0.004 0 0 1 0.6 4.90×1022 102
5 5×1017 0.002 0 0 1 0.6 4.93×1022 101
6 1×1019 0 0 0 1 0.6 4.96×1022 2015

Table B.1.3: BiFeO3 annealed 600 °C, RUMP fit’s parameter.

Thickness RUMP Density SRIM Thickness
layer (at.cm−2) Bi Fe O Si H (at.cm−3) (nm)

1 1.75×1017 1 2 5 0 0 4.91×1022 36
2 7×1017 1 1.0 3.0 0 0 4.22×1022 166
3 4×1017 0.09 0 2 1 0 4.62×1022 87
4 5×1017 0.055 0 2 1 0 4.81×1022 104
5 5×1017 0.03 0 2 1 0 4.96×1022 101
6 1.9×1018 0.018 0 2 1.1 0 5.04×1022 377
7 7.5×1017 0.009 0 0.5 1.1 0 4.95×1022 151
8 7.5×1017 0.004 0 0.2 1.1 0 4.96×1022 151
9 3.5×1018 0.001 0 0 1 0 4.96×1022 706

10 8.89×1019 0 0 0 1 0 4.98×1022 17860
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Table B.1.4: BiFeO3 annealed 500 °C, 7 hours, RUMP fit’s parameter.

Thickness RUMP Density SRIM Thickness
layer (at.cm−2) Bi Fe O Si H (at.cm−3) (nm)

1 6.75×1017 1 1 3 0 0 4.22×1022 160
2 1×1017 1 1 2.7 0 0 4.21×1022 24
3 1.25×1017 1 0.8 2.7 0 0 4.05×1022 31
4 4×1017 0.08 0 2 1 0 4.67×1022 86
5 4×1017 0.06 0 2 1 0 4.78×1022 84
6 7×1017 0.03 0 2 1.1 0 4.96×1022 141
7 1.9×1018 0.018 0 2 1.1 0 5.04×1022 377
8 6×1017 0.009 0 0.5 1.1 0 4.95×1022 121
9 7.5×1017 0.004 0 0.2 1.1 0 4.96×1022 151

10 5×1018 0.001 0 0 1 0 4.96×1022 1008
11 8.89×1019 0 0 0 1 0 4.98×1022 17860

B.2 Contact angle measurement

(a) Water droplet on as-made film, (b) on BiFeO3 annealed 500 °C for 15 min.
Figure B.2.1: Wettability of BiFeO3 thin film.

The contact angle measurement of BiFeO3 thin film is reported for the first time.
This measurement provides information on wetting properties of the films and poten-
tial applications. The technique is based on angle measurement between the tangent
of droplets of water and the surface of the material (see Figure B.2.1 (a)). The contact
angle on a lotus leaf is around 162°, allowing the droplet to easily roll off the leaf [En-
sikat et al., 2011]. A droplet on a common glass surface would have a contact angle of
less than 50° [Chi et al., 2004]. The smaller angles results in a surface more hydrophilic.
Modifying the surface of the material by, for example, implanting ions can modify the
contact angle [Han et al., 1997]. The static drop method provides information about the
equilibrium contact angle [Della Volpe et al., 2006]. The contact angle measurement or
wettability of BiFeO3 was carried out, in this case, by dropping a static deionized water
droplet, ∼2 µL, on different BiFeO3 thin films. Once the droplet equilibrium is achieved



164 APPENDIX B. SPUTTERED BIFEO3

the contact angle is measured by taking a picture (Figure B.2.1 (a)). The photo, Figure
B.2.1 (a), taken at GNS Science is an example of droplet on a BiFeO3 thin film annealed
at 500 °C for 15 minutes. The analysis is carried out with the software ImageJ, Im-
ageJ 1.50a [Schneider et al., 2012] and the complementary module Drop Analysis-Drop
snake. This module highlights the edge of the droplet and measures the angle between
the tangent of the sample surface and the droplet surface.
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Figure B.2.2: Water droplet contact angle measured on BiFeO3 thin film (black) in function of
the annealing temperature and contact angle measured on the substrate (red).

The as-made thin film has an average contact angle of about ∼75±3°. Annealing
the thin films at 500 °C reduces the contact angle to ∼57±3°. This value is different
from the ∼82° found for nano-powder synthesis by chemical solution [Bajpai et al.,
2014]. Comparing the two results is difficult because the synthesis technique could
cause some differences in the chemical bonding of the surface. Also, the grain size
of the particle, porosity, secondary phases and underlying substrate could change the
hydrophobic properties measured. This is further proven as after a chemical treatment
of their BiFeO3 powder, Bajpai et al., 2014 measured a contact angle of ∼57°. Further
study on this topic are required to provide a conclusive expected contact angle for
BiFeO3 thin film.

The results show a trend, increasing the annealing temperature resulted in de-
creasing the contact angle, Figure B.2.2. A rougher surface is known to increase the
wettability of ceramics [Webster et al., 2001], however AFM analysis of the films (see
subsection 4.3.3) confirms the roughness of the films are similar, so the film roughness
does not explain the different contact angle measured through different annealing tem-
perature. The as-made film roughness is ∼30 nm and after annealing at 500 °C, the film
roughness is ∼27 nm.
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The contact angle variation might be indicative of phase modification through
annealing temperature as suggested by XRD and Raman analysis. Intermediates an-
nealing temperature of 300 °C and 400 °C samples displayed intermediate phases for-
mation between the as-made film and 500 °C annealed film (Figure 4.9.1). The as-made
film is mainly composed of bismuth phase has a contact angle of ∼75°, while after an-
nealing the film is mainly compose of iron oxides and BiFeO3 phases and the contact
angle decreases to a value of ∼57°. Increasing the quantity of bismuth in material has
been reporting to increase the contact angle [Lee et al., 2001]. One possibility to explain
the decrease of wettability could be caused by bismuth mobility and bonding with iron
oxide during the annealing of the films.

An increased grain size and oxidation of the films due to annealing could also
increase the contact angle [Ostrovskaya et al., 2007]. Annealing BiFeO3 in oxygen can
oxidise the film (Figure B.1.1 and B.1.2) and slightly increase the grain size (subsec-
tion 4.3.2 and 4.3.3), however this resulted in a decrease of the contact angle. This can
be surprising as oxidising a material could increase the contact angle [Wang and Wu,
1994], however Fe2O3 is known to be superhydrophilic, contact angle is less than 10°
[Kulal et al., 2011]. Fe3O4 has been reported to have contact angle up to 157° [Cheng
et al., 2008]. This would suggest the as-made film has either a small amount of Fe2O3

or a big quantity of Fe3O4 and the annealed films would either have a big quantity of
hematite or a small quantity of Fe3O4. This is consistent with the magnetic moment
measurement and the XRD analysis.
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Appendix C

Bismuth implanted iron oxide

Complementary analysis, information of the bismuth implanted iron oxide sputtered
films are presented in this appendix. The details of the RUMP fit are provided in the
tables of Section C.1 and the analysis of the sample SP1-Bi-A is presented in Section C.2.
The sample code was explained in Table 5.1.1.

C.1 SP2-Bi-A: RUMP fit

The details of SP2-Bi-A film’s RUMP fit are presented in the Table C.1.1. Thickness
in at.cm−2 and stoichiometry are estimated from the RUMP fit. The layer’s density
in at.cm−3 is estimated with the software SRIM. The film thickness in nanometre is
calculated from the thickness in at.cm−2 and the density. The stoichiometry includes
hydrogen to simulate the channelling effect of the substrate.

Table C.1.1: SP2-Bi-A, RUMP fit.

Thickness RUMP Density SRIM Thickness
layer (at.cm−2) Bi Fe O Si H (at.cm−3) (nm)

1 1.9×1017 1.7 2.5 2 0 0 4.48×1022 42
2 8×1017 0.012 2.0 3.0 0.1 0 7.43×1022 108
3 1×1017 0.012 0.1 2 1 0 5.37×1022 19
4 3.3×1018 0 0 2 1 0 5.18×1022 636
5 1×1019 0 0 0 1 1.2 4.95×1022 2021
6 8×1019 0 0 0 1 0.58 4.96×1022 16121
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C.2 SP1-Bi-A analysis

The RBS analysis of SP1-Bi-A is presented in Figure C.2.1, displaying backscattered
iron, oxygen, silicon and bismuth. The details of the RUMP’s fit are presented in Ta-
ble C.1.1. The RUMP simulation is made with the assumption of a 6 layers’ material.
The surface layer is composed of Fe2, O2.5, and Bi0.13 with a thickness estimated to be
55 nm (3.8×1017 at.cm−2, 6.93×1022 at.cm−3). This stoichiometry could be explained by
bismuth atoms implanted in an iron oxide thin film. The possible phases to explain
this stoichiometry are FeO and Bi2O3. Fe2O3 and Fe3O4 are two iron oxides expected
from this synthesis as the deposited iron oxide film was sputtered from a magnetite
target, however the stoichiometry of the surface layer is oxygen deficient to form those
phases. Further analysis, e.g. XRD, Raman spectroscopy, will discuss in more details
the phases form in SP1-Bi-A. The second layer is composed of Fe2, O3 and Bi0.01 with
a thickness of about 40 nm (3×1017 at.cm−2, 7.48×1022 at.cm−3). This stoichiometry
is explained by a Fe2O3 film that could be either hematite or magnetite, Raman spec-
troscopy and magnetic measurements will provide more information on the phase,
with a small fraction of bismuth. That bismuth signal could be due to a small diffusion
or the detector’s resolution could be the cause of that signal. The third layer is made
of SiO2 with a possible sign of iron diffusion or a limitation of the detector sensitiv-
ity. The thickness of the third layer is estimated (1×1017 at.cm−2, 5.46×1022 at.cm−3)
around 18 nm. The fourth layer is SiO2. The thickness of this layer is estimated at
637 nm (3.3×1018 at.cm−2, 5.18×1022 at.cm−3), equivalent to the analysis of SP2-Bi-A’s
substrate. The layers’ underneath are bulk Si.

Table C.2.1: SP2-Bi-A, RUMP fit.

Thickness RUMP Density SRIM Thickness
layer (at.cm−2) Bi Fe O Si H (at.cm−3) (nm)

1 3.8×1017 0.13 2 2.5 0 0 6.93×1022 55
2 3.0×1017 0.01 2.0 3.0 0 0 7.48×1022 40
3 1×1017 0 0.1 2 1 0 5.46×1022 18
4 3.3×1018 0 0 2 1 0 5.18×1022 637
5 1×1019 0 0 0 1 1.2 4.95×1022 2021
6 8×1019 0 0 0 0 0.58 4.96×1022 16121

The bismuth concentration determined by the RUMP fit is about 1.4×1016 at.cm−2

and iron is estimated at 4.2×1017 at.cm−2. From this technique, the oxygen from the
substrate can’t be distinguished from the oxygen in the film. The bismuth dose is sig-
nificantly less than expected as the bismuth selected fluence was about 3×1016 at.cm−2.
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The difference can be explained by a few possible phenomena, such as a loss of bismuth
after annealing the film, resulting in bismuth evaporation. Another possible explana-
tion is could be link to the electronic of the implanter that can induce an overestimation
of the actual implanted fluence [Townsend et al., 2006]; issues with the electronic scan-
ner during the implantation could result in a non-uniform implantation throughout
the surface of the film and increase the ion concentration locally in some regions, while
other regions contain less implanted ions. In the case of an insulating material, the
sample surface can accumulate charge and deflect the incident ion beam, reducing the
implanted dose in the film [Townsend et al., 2006]. The uncertainty generated by the
graphical approach of the RUMP simulation to estimate the dose could induce a small
difference of 0.05×1016 at.cm−2 as the difference between the uncertainty and the value
is in an order of magnitude of 100, the RUMP uncertainty is negligible.
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Figure C.2.1: RBS of SP1-Bi-A (circle). Synthesis details are provided in Table 5.1.1. Also,
shown in this figure is RUMP fit (red line).

The RBS analysis allows to conclude that SP2-Bi-A’s film has bismuth diffusing
toward the inner layers while the SP1-Bi-A film does not conclusively show diffusion.
A possible explanation for this increased diffusivity could be that nanocrystalline iron
oxide has formed after the initial annealing (SP2-Bi-A), and that the Bi diffusivity is
higher in this iron oxide when compared with the unknown phases that exist before
annealing (SP1).

The XRD diffraction of SP1-Bi-A is shown in Figure C.2.2 (a). The XRD analysis
does not provide clear evidence of known iron oxide phases, as the peaks are broad,
which indicates small particles or amorphous phases. FeO, magnetite and maghemite
could be present as small particles or could be amorphous, as they are not clearly iden-
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tified by XRD. Like the as-made iron oxide film (SP1), the XRD of SP1-Bi-A displays an
amorphous material, both XRD analysis display similarities in the phases and amor-
phous or small particles. As the as-made iron oxide film (SP1) contains phases identi-
fied as FeO, SP1-Bi-A can also contain FeO. Both films display a similar peak at ∼65°.
The other peaks are broader in the XRD of SP1-Bi-A than SP1, this is an indication of
a more amorphous phase present in SP1-Bi-A. The XRD peaks broadening could come
from a combination of multiple phases. In the case, the XRD broadening increases the
imprecision of the grain size calculation, Scherrer’s equation, to become unreliable.
XRD analysis does not clearly identify the phases in the sample SP1-Bi-A.
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Figure C.2.2: XRD, grazing angle 5°, of SP1-Bi-A. (a) displays JCPDS 00-039-1346 (γ-Fe2O3),

JCPDS 00-019-0629 (Fe3O4), JCPDS 00-045-1344 (Bi2O3), JCPDS 01-074-1098
(Bi2Fe4O9), JCPDS 01-082-0690 (BiFeO3), JCPDS 00-033-0664 (hematite) and
JCPDS 01-089-0690 (FeO). (b) two pseudo Voigt function fits at 49° and 51°, the
cumulative peak fit and the JCPDS pattern 01-089-0690 (FeO).

Figure C.2.2 (b) shows the magnified XRD analysis of SP1-Bi-A centred in the 50°
region. Also, shown in this figure is the JCDPS 01-089-1254 (FeO) and the pseudo Voigt
fit function, described by equation 5.2.1. From the Voigt function, peak 1 at 49° has µ=0
and WG=2.3±0.8°. WG is the same as the WG=1.6±0.1° found in the as-made FeOx

film (SP1) within the experimental uncertainty and hence there has been no significant
change in the average FeO nanoparticle size. Peak 2 at 51° represents an unidentified
particle. The fit has µ=1 and WG=2.8±0.6°, which is the same values as found before
annealing (SP1). Thus, Bi implantation followed by annealing at 500 °C has not signif-
icantly changed the FeO particle size.

Figure C.2.3 displays the TEM image of SP1-Bi-A. The surface layer is platinum
and the second layer from the top is carbon. The sample was coated with these ma-
terials to eliminate secondary electron. The bottom layer displays the silicon dioxide
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substrate. Between the carbon and the SiO2 layers is a layer made of iron oxide and
a layer made of bismuth-implanted iron oxide. From the TEM image, the iron oxide
layer thickness, from the C layer to the SiO2 layer, is about ∼140 nm. The bottom layer
of the iron oxide shows more order and structure, suggesting that part of the layer
might have formed a polycrystalline material. The top layer of the iron oxide is more
uniform, indistinguishable apart from a few dark columns. This might suggest that
area of the film is highly distorted or amorphous.

Figure C.2.3: TEM image of SP1-Bi-A. Also, shown in this figure is the SiO2 substrate,
140 nm of iron oxide deposited film (label Fe, O), and 20 nm bismuth implanted
into iron oxide (labelled Bi, Fe, O). A carbon and a platinum layer, not part of
the sample, were added for TEM analysis. The inset shows SAED. Also, shown
are 6 rings highlighting the diffraction of either magnetite or maghemite.

The implanted bismuth ions seem to be more concentrated in the top 20 nm layer,
with possible diffusion to a depth of 60 nm. The sample analysed by TEM is different
than the sample used for the other analyses of this chapter, this is important to note
as that could have explained the different thickness of material. The TEM analysis is
made on a sample implanted with Bi at 56 keV. The D-Trim simulation predicted an
implantation depth of 25 nm, and the RBS analysis does not show bismuth diffusion.
This would not explain the 60 nm layer containing bismuth. A simpler explanation
would be that a small fraction of bismuth has diffused towards the inner layer, RBS
analysis (Table C.2.1) show this possibility of less than 2% concentration of bismuth in
deeper layer. Such a small fraction of bismuth might be challenging to be seen with
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TEM, so the contrast area seen in Figure C.2.3 might come from different iron oxide
phases.

Also, shown in this figure inset is the SAED and 6 d-spacing ring (red), highlight-
ing the diffraction rings in the image that are linked to Fe3O4. This material is expected
as a powder of magnetite was press to form the sputter target. The smallest ring has a
d-spacing of 2.98 Å with Miller indices of (220), the second ring has d-spacing of 2.54 Å
(311), the third ring has a d-spacing of 2.11 Å (400), the fourth ring has d-spacing of
1.64 Å (511), the fifth ring has a d-spacing of 1.51 Å (440) and the largest ring has a
d-spacing of 1.27 Å (533). The d-spacing of magnetite and maghemite are too close to
one another to be distinguished by this method. SAED shows the possible presence
of magnetite or maghemite. The magnetic measurement might provide more informa-
tion on this topic. The iron oxide material might be in amorphous or highly disordered
form, which would explain the XRD analysis. From the SAED, some definite spots are
seen that are not part of any of the 6 red rings and that could indicate the presence of
other particles.
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Figure C.2.4: Raman spectrum of SP1-Bi-A. The bismuth-implanted film (blue) is compared
with the as-made iron oxide, SP1, (black) and annealed iron oxide film, SP2,
(red). Also, shown in this figure are hematite Raman scattering (stars) and the
silicon substrate at 521 cm−1.

Figure C.2.4 displays the Raman spectrum of SP1-Bi-A. This figure also shows
the as-made iron oxide film (SP1) and the annealed iron oxide film (SP2). There is
no evidence for any clear Raman active modes in the sample SP1-Bi-A that could be
attributed to iron oxides phase. SP1-Bi-A shows the silicon substrate, peak 521 cm−1

and an amorphous material (Figure C.2.4). The Raman spectrum of the as-made iron
oxide film (SP1) and SP1-Bi-A are similar. Both films are amorphous, however the
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bismuth-implanted film displays a significant Si peak at 521 cm−1. This indicates a
structural modification that could be caused by the bismuth implantation or the second
annealing at 500 °C for 15 minutes. A material with a greater band gap or a material
with fewer metal phases would modify the light absorption coefficient. The absorption
coefficient of SP1-Bi-A must be smaller than the absorption coefficient of the as-made
iron oxide film (SP1). This may in part be due to a smaller FeO fraction that has a band
gap below the laser energy. The implantation and annealing of Bi can have resulted in
a highly disordered FeOx component that has a large band gap. The modification of
the absorption coefficient cannot be due to hematite since this would be expected to be
observed in the Raman data as shown in Figure C.2.4 for the annealed FeOx film (SP2).

The decreased absorption coefficient suggests that if metallic Bi nanoparticles are
present, they are present in low fractions since high Bi nanoparticle fractions would
result in an increased absorption as seen in Chapter 4 for the BiFeO3 films made by
sputtering (Figure 4.3.2 (a)). There is also no evidence for bismuth or bismuth oxides
in the Raman spectroscopy data (Figure C.2.4). Either the bismuth does not create
bonds with the iron oxide film or the amount of bismuth bonding with the thin film is
too limited to be seen in XRD and Raman spectroscopy. As bismuth is not displayed
in the Raman spectrum, but Bi is seen in RBS analysis, this suggests that phases of
BiFexOy could be in the film. However, those phases are very unlikely to have form.
The presence of those phases could only be explained if they were either with small-
sized particles or being amorphous.

Magnetic measurements were carried on SP1-Bi-A, as shown in Figure C.2.5. The
resultant magnetic moment per Fe, mFe, is plotted in Figure C.2.5 at 5 K and 300 K after
subtracting the diamagnetic moment from the silicon substrate using equation 3.3.21.
The high field magnetic moment is 0.16 µB/Fe and the magnetic moment is only
slightly lower at 300 K indicating that the magnetic ordering temperature is far above
ambient temperature. The moment at high field is too large to come from the antifer-
romagnetic BiFeO3. The 6 T moment is ∼6.5% of the value seen in the as-made FeOx

(SP1) film and hence the magnetic moment could be due to a small fraction of the
initial unidentified ferromagnetic phase present in SP1. Ferrimagnetic Fe3O4 and/or
ferromagnetic γ-Fe2O3 could possibly present in that film, those phases have a satura-
tion moments of 1.35 µB for Fe3O4 and 1.25 µB for γ-Fe2O3 [Cullity and Graham, 2011].
If this was the case, then those phases would need to be very small nanoparticles since
they are not seen in the XRD data although magnetite and/or maghemite are seen in
the SAED data. If they are present then their phase fractions would need to be 12%
or 13%, respectively. The moment has not saturated even up to the highest measured
magnetic field. This may be due to the presence of a spin glass from disordered Fe
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moments. Another explaination could be attributated to fraction of antiferromagnetic
FeOx phases. The inset shows that there is also a low temperature exchange bias that
will be discussed with Figure C.2.8 (a).
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Figure C.2.5: Magnetic moment per Fe for SP1-Bi-A. The inset shows the magnetic moment
measurement magnified at the centre of the field loop. The 5 K temperature
measurement was taken after cooling the sample in a 6 T applied field resulting
in an exchange bias as seen in the inset.
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Figure C.2.6: ZFC-FC of SP1-Bi-A.

Figure C.2.6 displays the ZFC-FC of SP1-Bi-A. There is no evidence for super-
paramagnetism since the hysteresis is observed up to 330 K. There is also no evidence
for the low temperature antiferromagnetic signal seen in Figure C.2.6 for the as-made
film (SP1). This may be because the fraction of this phase has been reduced by implant-
ing bismuth and annealing the film. The SAED data shows the presence of magnetite
and/or maghemite that are no seen in the XRD data. If these phases were present at
high fractions, then they would be expected to be superparamagnetic. Using the block-
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ing temperature formula and the anisotropy energy of the magnetite and maghemite,
the magnetite or maghemite nanoparticle sizes, if present in SP1-Bi-A, would be less
than ∼10 nm. If the nanoparticles were this large or larger, they should be seen in the
XRD data. Their absence may be due to a low phase fraction.
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Figure C.2.7: Temperature dependence of the magnetic moment carried out on SP1-Bi-A
with an applied field of 6 T. The data contain noise and reduce the quality
of the Block 3/2 fit (red).

The temperature dependence of mFe at 6 T, mFe(6 T), is plotted in Figure C.2.7.
This figure shows that mFe(6 T) monotonically decreases with increasing temperature,
which is due to the spin-waves effect. Also, shown in this Figure is a fit using the Block
3/2 function. The model has a value of D=1.3×10−5 K−3/2. This D value is slightly
larger than the value seen in the analysis of SP1 and slightly less than the value calcu-
lated for SP2. This suggests that the magnetic phases are similar the magnetic phases
in SP1. This is consistent with the magnetic data being dominated by the magnetic
phase seen in as-made iron oxide rather than BiFeO3. The slightly higher value may
be due to changes in the magnon dispersion and different magnon dispersions could
have occurred after implanting and annealing as the TEM data clearly shows an inho-
mogeneous structure.

Figure C.2.8 (a) displays the measured exchange bias on SP1-Bi-A after cooling
from 330 K to 5 K in an applied magnetic field of 6 T. Also, shown in this figure is
the exchange bias for the as-made film, SP1. There is no exchange bias at 300 K. The
exchange bias at 5 K with the bismuth film is less than the exchange bias of the as-made
film (SP1). The appearance of an exchange bias in SP1-Bi-A suggests that the exchange
bias, in both SP1 and SP1-Bi-A, could arise from the same magnetic phases although
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there is no evidence, from the ZFC-FC curves at low temperature, of the presence of the
antiferromagnetic phase seen in SP1 (Figure 5.2.7). The exchange bias may also be due
to a small magnetite or maghemite phase fraction in contact with an antiferromagnetic
phase (e.g. FeO).
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Figure C.2.8: Exchange bias and coercive field of SP1-Bi-A (red cross) compared with SP1

(open circle).

Figure C.2.8 (b) displays the coercive field of SP1-Bi-A after cooling from 330 K to
5 K in an applied magnetic field of 6 T. The coercive field at 5 K with the bismuth film
is less than the coercive field of the as-made film (SP1) and there is a large reduction in
the coercive field at 300 K. This suggests that the Bi implantation and annealing process
has modified some magnetic properties of the film. This can occur, for example, by
changing the magnetic domain wall pinning energy and density. Following analysis
shows that most of the changes in the coercive field occur after annealing and the Bi
implantation does not significantly alter the coercive field.

So, SP1-Bi-A contains FeO with possibly some maghemite or magnetite. The im-
plantation followed by annealing does not result in a significant size modification of
the FeO particles. The TEM analysis shows a partly highly disordered iron oxide film,
due to the bismuth implantation, and the other part of the iron oxide film is nanos-
tructured. The magnetic ordering is about 6.5% of the as-made iron oxide film (SP1),
suggesting that the magnetic moment of SP1-Bi-A is cause by a small fraction (the frac-
tion is smaller in SP1-Bi-A then in SP1) of the unknown phase. The reduction of this
unknown phase could be due to the bismuth implantation. The implantation may also
have the potential to increase the maghemite or magnetite phase fraction.



Appendix D

Triple ion implantation, Bi, Fe and O
into SiO2 and Si

This chapter is discussed the triple implantation of bismuth then iron then oxygen into
SiO2:Si with the motivation to study the phases form before and after annealing. Ion
implantation is a synthesis technique known to form magnetic nanostructured mate-
rial [Shi et al., 1996] and this technique could provide more information on the Bi-Fe
interaction. The triple implantation is a new approach to attempt to synthesise BiFeO3

nanoparticles. The synthesis and structure of the nanoparticles are analysed and com-
pared with iron oxides and bismuth oxide. The main objective of this chapter is to
optimise the synthesis of nanoparticles, with the aim to create a pure material. The
impact of iron oxide impurities on the material’s magnetic ordering is analysed with
the SQUID.

Ion implantation is a synthesis technique that provides an accurate quantity of
each desired element in the material [Meldrum et al., 2001]. This technique can reduce
the magnetic moment enhancement and the leakage current [Xiao et al., 2007]. Thermal
annealing of nanoparticles synthesized by ion implantation is an approach to create a
thin film material [Meldrum et al., 2001], however synthesising a material without
secondary phases remains a challenge.

In this chapter, the results from structural and magnetic measurements on bis-
muth then iron then oxygen implanted films (Section D.2) at ambient temperature
and films made by ion implantation of iron then oxygen then bismuth (Section D.3
and D.4) followed by annealing in an oxygen atmosphere are presented. This method
leads to the formation of iron oxide nanoparticles and a possible trace amount of nano-
BiFeO3 particles. The magnetisation is enhanced in the BiFeO3 nanocrystals. Magnetic
measurements of bismuth-implanted iron oxides (Chapter 5) are also presented with a
comparison with BiFeO3 nanoparticles and iron oxide thin films and nanoparticles.
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D.1 Experimental details

The implantations were carried out at ambient temperature in (≤3×10−6 kPa) using a
bulk bismuth and iron target. The oxygen ions source came from an oxygen pure gas
at 99.5%. The ion beam was directed toward a substrate placed perpendiculars to the
incident ion beam. The ions, first two set of samples, were implanted into a 500 nm
layer of thermally-oxidized silicon dioxide (SiO2) on a Si (100) substrate. The last set of
sample was implanted into a bulk Si (111) p-type doped with Boron substrate, to study
the effects of the oxygen in the substrate.

Table D.1.1: Implantation order, fluence and energy of Bi, Fe and O.

Name 1st ion 2nd ion 3rd ion Substrate Annealing Section
IM1 Bi 56 keV

3×1016

at.cm−2

Fe 38 keV
4×1016

at.cm−2

O 7.5 keV
6×1016

at.cm−2

SiO2:Si As-
implanted

D.2

IM1-A Bi 56 keV
3×1016

at.cm−2

Fe 38 keV
4×1016

at.cm−2

O 7.5 keV
6×1016

at.cm−2

SiO2:Si 800 °C,
120 min

D.2

IM2 Fe 38 keV
2×1016

at.cm−2

O 7.5 keV
6×1016

at.cm−2

Bi 56 keV
2×1016

at.cm−2

SiO2:Si As-
implanted

D.3

IM2-A Fe 38 keV
2×1016

at.cm−2

O 7.5 keV
6×1016

at.cm−2

Bi 56 keV
2×1016

at.cm−2

SiO2:Si 800 °C,
120 min

D.3

IM3 Fe 38 keV
2×1016

at.cm−2

O 7.5 keV
6×1016

at.cm−2

Bi 56 keV
2×1016

at.cm−2

Si As-
implanted

D.4

IM3-A Fe 38 keV
2×1016

at.cm−2

O 7.5 keV
6×1016

at.cm−2

Bi 56 keV
2×1016

at.cm−2

Si 800 °C,
120 min

D.4

The triple ion implantation is made in a sequence of bismuth, 56 keV Bi with a
fluence of 3×1016 at.cm−2, then iron, Fe at 38 keV with a fluence of 4×1016 at.cm−2,
then oxygen, O at 7.5 keV at fluence of 6×1016 at.cm−2 (IM1 and IM1-A). The first set of
sample is discussed in Section D.2. Due to an important loss of bismuth in this process,
the sample IM1 and IM1-A are not studied in detail. They were used as an exploring
approach to the synthesis of nanostructured material by triple implantation. Instead of
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an extended study, the synthesis procedure was modified by changing the order of im-
planted ions. The modification was made to study the effect of bismuth implantation
in the implanted iron and oxygen material. The second sequence of triple implantation
is made of iron, Fe at 38 keV with a fluence of 2×1016 at.cm−2, then oxygen, O at 7.5 keV
at fluence of 6×1016 at.cm−2, then bismuth, 56 keV Bi with a fluence of 2×1016 at.cm−2,
(IM2 and IM2-A). The sample is presented in Section D.3. The third set of sample was
made to study the effects of the oxygen in the substrate. IM3 and IM3-A were made
by implanting ions into a bulk silicon substrate, Section D.4. The order of implantation
was Fe at 38 keV with a fluence of 2×1016 at.cm−2, then oxygen, O at 7.5 keV at fluence
of 6×1016 at.cm−2, then bismuth, 56 keV Bi with a fluence of 2×1016 at.cm−2.

The nanoparticles are grown in an annealing furnace with an oxygen atmosphere
for up to 120 minutes at temperatures up to 800 °C. The films made by ion implanta-
tion are compared to the BiFeO3 thin film made by ion beam sputtering, described in
Chapter 4. They are also compared with iron oxide thin film and nanoparticle powder.
The study is centred on the structure and the secondary phases are analysed.

The ion implantation and annealing were carried out at GNS Science National
Isotope Centre in Lower Hutt, New Zealand.

D.2 Implantation of Bi then Fe then O into SiO2:Si, IM1

5 10 15 20 25 30 35 40 45
0

5

10

15

20

25

30

35

40

C
on

ce
nt

ra
tio

n 
(%

)

Depth (nm)

 56 keV 3x1016 Bi.cm-2

 38 keV 4x1016 Fe.cm-2

 7.5 keV 6x10 16 O.cm-2

Figure D.2.1: D-Trim simulation of IM1, 56 keV 3×1016 Bi.cm−2 (black), 38 keV 4×1016

Fe.cm−2 (red) and 7.5 keV 6×1016 O.cm−2 (blue) into SiO2:Si.

The Figure D.2.1 displays the D-Trim simulation of bismuth then iron then oxy-
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gen implanted into SiO2:Si. Bismuth implantation is done at an equivalent energy of
56 keV with a fluence of 3×1016 at.cm−2. The theoretical depth profile of bismuth is
limited to less than 25 nm with a maximal concentration of ∼27%. Iron is the second
implanted ion simulated with D-Trim. The iron implantation was done at an equiva-
lent energy of 38 keV with a fluence of 4×1016 at.cm−2. The theoretical depth profile
of iron is about 35 nm with a maximal concentration of 20%. In Figure D.2.1, D-Trim
simulation is only showing the simulated implanted oxygen, the oxygen from the sub-
strate is not shown. Oxygen is the third implanted ion simulated with D-Trim. The
oxygen implantation was done at an equivalent energy of 7.5 keV with a fluence of
6×1016 at.cm−2. The oxygen theoretical depth profile is about 45 nm with a maximal
concentration of ∼26%. The bismuth and iron is depth profile are similar and the im-
planted oxygen ions is about 2.8 time more important than the iron, bismuth. The sil-
icon concentration, from the substrate, varies between 25% and 34% in the implanted
region while the oxygen from the substrate is present in a concentration between 46%
and 50%. In the unimplanted region the ratio Si1O2 is respected.
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Figure D.2.2: RBS analysis IM1-A. Also, shown in this figure is the RUMP simulation (red),
3 layers’ material, of Bi (purple), Fe (cyan) and O (green). The silicon (blue)
substrate was also shown by RUMP simulation.

The RBS analysis is shown in Figure D.2.2, shows the particles of bismuth, iron
and oxygen from the implanted thin film and silicon particles from the substrate. Also,
shown in this figure is the RUMP simulation of the film made from the assumption of
a 3 layers’ material. The surface layer is made of Bi1, Fe1.1 and O3.5 (2.23×1017 at.cm−2),
the density estimated with SRIM is 4.32×1022 at.cm−3, with an estimated thickness of
52 nm. That stoichiometry could suggest a mix phase layer of BiFeO3, Bi2Fe4O9 and
Fe2O3. The second layer is the SiO2, density estimated by SRIM of 5.18×1022 at.cm−3,
(substrate) with an estimated thickness of 508 nm, the manufacturer estimated the SiO2
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thickness at 500 nm, and the third layer is bulk silicon. The dose estimated by RUMP is
1.25×1016 at.cm−2 of bismuth, 1.4×1016 at.cm−2 of iron and 1.6×1018 at.cm−2 of oxygen.
The oxygen estimation is not reliable because this characterisation technique has not
the precision required to separate the oxygen from the substrate and implanted oxygen
ions.

The sputtered BiFeO3 film after annealing at 500 °C for 15 minutes, described in
Chapter 4, shows 2 sublayers of BiFeO3 and diffusion of Bi into SiO2 and Si bulk. IM1-
A’s RUMP fit only has 1 layer of BiFeO3.5. Bismuth does not appear to have diffused
in the substrate after the sample was annealed at 800 °C for 120 minutes.

After annealing, the implanted film thickness was ∼52 nm. The as-implanted
material, (1.15×1017 at.cm−2, Bi1Fe1O3.5, 4.25×1022 at.cm−2) has thickness of ∼27 nm.
The as-implanted material thickness, 27 nm, is close to the theoretical 25 nm simulated
by D-Trim. The difference in thickness before and after annealing suggests a diffusion
toward the surface of the film or an uneven implantation across the sample.

From the RBS analysis, ions seem to have been sputtered out of the film dur-
ing the triple implantation, the dose was 1.25×1016 at.cm−2 for bismuth instead of the
selected dose of 3×1016 at.cm−2. The iron dose was 1.4×1016 at.cm−2 instead of the se-
lected dose of 4×1016 at.cm−2. This confirms that the consecutive implantations have
sputtered a significant amount of bismuth and iron. In order to preserve more bis-
muth in the material, the order of implantation has been modified in the subsequent
implanted film. The important loss of material is another justification for the lighter
analysis of this material.

The Figure D.2.3 displays the XRD analysis of IM1-A. Also, shown in this figure
is the JCPDS 00-039-1346 (γ-Fe2O3) and JCPDS 01-075-1544 (SiO2). The XRD displayed
a crystallise form of SiO2 after annealing the sample no other clear phases are dis-
tinguishable. Some broad feature around 20°, 65° and 75°, may suggest the sample
contains an amorphous material. The peak at 42° could be a signal of SiO2, magnetite
or maghemite. The lattice parameter of magnetite and maghemite are too close to
be clearly identify in XRD. The diffraction intensity peak clearly shows the sample is
mainly composed of crystallise SiO2, if other phases are present they must be in small
concentration. A small fraction of iron oxide could be present as the RBS analysis dis-
play a concentration of iron less than 1.4×1016 at.cm−2. While the D-trim simulation
estimated the iron concentration around 20%, the silicon concentration is estimated at
30% with an oxygen concentration of more than 50%. Iron oxide phases could be in the
sample even with the XRD no-detection of iron oxide phases, as RBS analysis confirms
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the presence of a small amount of iron in the sample. Iron oxides phases could be ei-
ther of small size or amorphous. The magnetic analysis may provide more information
on that composition.
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Figure D.2.3: XRD, grazing angle of 4°, analysis of IM1-A. Also, shown in this figure is the
JCPDS 00-039-1346 (γ-Fe2O3) and JCPDS 01-075-1544 (SiO2). The film seems to
contain an amorphous material.

JCPDS 01-075-1544 (SiO2) peak (111), (220) and (331) are shown in Figure D.2.3.
SiO2 particles size can be estimated around ∼60 nm with the Scherrer’s equation and
the peak (111) at 25°. From the peak (220), assuming the γ-Fe2O3 is negligible, the SiO2

grain size is estimated at 80 nm. This value is less reliable because the peak (311) is at
the same position and this peak is surrounded by a more important level of noise then
the peak (111). The estimated grain size of from the peak (331) is not reliable as the
feature centre at 65°, may have multiple diffraction line from maghemite or magnetite
and the peak (331) is located on the edge of that feature. Any other phase than the SiO2

are not clearly identify by XRD.

The Figure D.2.4 displays the Raman spectroscopy of IM1-A (purple). Also,
shown in this figure is Raman spectroscopy of the substrate (black) and annealed sput-
tered iron oxide thin film (Section 5.3, SP2) (blue). Also shown is the hematite (*) peak,
magnetite (!), maghemite (+), β-FeSi2 (Λ) and two unknown feature close to the noise
level (↓). SP2 highlights some hematite Raman active modes.

The Raman spectrum clearly shows the presence of α-Fe2O3 hematite in IM1-
A. Hematite was not seen in the XRD analysis. The presence of Fe3O4 magnetite is not
conclusive, as the feature at ∼650 cm−1 could come from α-Fe2O3 hematite, Fe3O4 mag-
netite or γ-Fe2O3 maghemite. γ-Fe2O3 maghemite could also be present; broad shoul-



D.2 IM1 and IM1-A 183

der at ∼680 cm−1 is visible. Maghemite is more likely present γ-Fe2O3 maghemite than
Fe3O4 magnetite, as the stoichiometry estimated from RUMP suggest Fe2O3. Magnetic
moment measurements might be able to provide better information on their relative
concentrations in this film. β − FeSi2 [Yoshitake et al., 2001] is the principal candidate
to have a Raman active mode at ∼300 cm−1. This peak is close to the peak at 289 cm−1,
hematite α-Fe2O3, and the peak at 302 cm−1, substrate. Both the substrate and hematite
α-Fe2O3 could be contributing to this feature.
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Figure D.2.4: Raman spectra of IM1-A (purple). Also, shown in this figure is Raman spec-
troscopy of the substrate (black) and annealed sputtered iron oxide thin film,
SP2 (blue), hematite (*), magnetite (!), maghemite (+), β-FeSi2 (Λ) and two un-
known feature close to the noise level (↓).

The broadening shoulder at 435 cm−1 could from FeSi [Nyhus et al., 1995], how-
ever as there is no strong evidence of FeSi phase, the broadening could be caused by the
silicon substrate. FeSi is discarded at for this analysis as a strong Raman peak would
be expected around 180 cm−1 [Nyhus et al., 1995]. Two other unidentified peaks are
present. They are in the area where the silicon substrate displays Raman scattering.
However, the silicon substrate is unlikely. These peaks could be from a phase of FexSiy.

Magnetic measurements were performed on an as-implanted film, and the re-
sulting magnetic moment per Fe, mFe, is plotted in Figure D.2.5 at 5 K and 300 K. The
diamagnetic moment was subtracted from the silicon substrate using equation 3.3.21.
From Figure D.2.5, mFe increases rapidly up to ∼0.9 T and then increases at a much
slower rate. This is indicative of ferrimagnetic material such as Fe3O4 and γ-Fe2O3.
The absence of a complete saturation even at 6 T may be due in part to a spin glass
phase or at least some free moment that exists at ambient temperature in the film. The
bulk compounds have a saturation moment per Fe, ms,Fe, of 1.35 µB for Fe3O4 and
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1.25 µB for γ-Fe2O3 [Cullity and Graham, 2009]. mFe at 6 T and 5 K is 0.73 µB, the mag-
netic moment ratio suggests that between ∼54% to ∼58% of the available Fe is in the
form of Fe3O4 and γ-Fe2O3 nanoparticles. This calculation is made with the assump-
tion that Fe3O4 and γ-Fe2O3 are the only significant magnetically-ordered materials in
the film. As the low temperature measurement does not seem to saturate, an estima-
tion on the ambient temperature saturation of 0.046 µB/Fe would suggest less than 5%
of the magnetic iron is from magnetite or maghemite. This 5% estimate is more reason-
able then the 50% previously state as XRD and Raman analysis do not clearly identify
those phases. A large concentration of iron oxide in the film could only be explained
by a small particle size or an amorphous phase. The small iron fraction is more likely
as the conclusion from the RBS analysis was the presence of a small fraction of Fe.
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Figure D.2.5: Field loop, ambient temperature (black) and 5 K (red), of the IM1-A. Inset
shows an expand scale near 0 T.

The remaining Fe atoms are in antiferromagnetic or paramagnetic BiFexOy phases
that could include antiferromagnetic α-Fe2O3, antiferromagnetic Bi2Fe4O9 (with a Néel
temperature between 237 K and 265 K [Irshad et al., 2015]), and antiferromagnetic FeO
(TN=198 K). The FexSiy phases could also be present in the film as Raman spectroscopy
might suggest the presence of β-FeSi2. FeSi is known to be antiferromagnetic with a
Curie temperature between -107 K and -149 K [Watanabe et al., 1963], the magnetic mo-
ment is reported near 0 µB/Fe [Berling et al., 1999]. α-FeSi2 is metallic, while annealing
the film at temperature above ∼660 K, α-FeSi2 become β-FeSi2. In some case, β-FeSi2
phase is semiconductor. If that material is iron rich then a ferromagnetic ordering can
arise [Chen et al., 2007]. β-FeSi2 Curie temperature was measured at 100 K [Arushanov
et al., 2004] and has a magnetic moment below 0.02 µB/Fe [Aigner et al., 2013]. While
Fe3O4 magnetite and γ-Fe2O3 maghemite are both ferrimagnetic. Maghemite can often
be confused with a weak ferromagnetic ordering material. As both the 300 K and 5 K
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field loop display a hysteresis loop, then IM1-A must contain a ferromagnetic material,
unless the magnetic moment come from the superparamagnetic Fe3O4 [Dedkov et al.,
2002] or γ-Fe2O3 [Nadeem et al., 2011].
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Figure D.2.6: ZFC-FC of IM1-A. The ZFC and FC curves do not seem to merge at ambient
temperature. A transition temperature near 140 K is visible.

The Figure D.2.6 displays the ZFC-FC of the IM1-A. This figure clearly shows the
ZFC and FC hysteresis remain open at high temperature. This indicates the absence
of a blocking temperature or superparamagnetic state in the film. This agrees with the
magnetic moment measurement: both the low-temperature and ambient temperature
measurement displayed a hysteresis loop, which would indicate a ferromagnetic phase
is present in IM1-A. Comparing the Figure D.2.6 with the literature, IM1-A seems to
be made of a mix of α-Fe2O3, γ-Fe2O3 and Fe3O4 [Wu et al., 2015]. From Wu et al.
[2015], the ZFC displays a mix of spherical α-Fe2O3 and square Fe3O4, particles. If the
inflexion point is between ∼146 K and ∼190 K, then the grain size would be between
∼6 nm for the spherical particles [Manukyan et al., 2014] and ∼11 nm for the cubic
particles [Coey and Khalafalla, 1972].

The analysis of IM1-A is limited to the results presented in this section, due to a
significant loss of Bi ions either during the implantation or annealing process. This is
limiting the possible study of IM1-A. Instead of continuing this analysis, the decision
was taken to study a new set of sample with greater potential by modifying the syn-
thesis procedure. The investigation was centred on the effect of implanting bismuth,
iron and oxygen ions. The following section will be the study of iron then oxygen then
bismuth implanted ions into SiO2:Si and Si.

Although, the choice was made to move on to more significant samples, in future
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work, study the temperature dependence and exchange bias of IM1-A could be of in-
terest. The analysis of the absence of saturation at low temperature would be another
interesting study. An in-depth analysis of composition and phase analysis would be
required to understand the source of the magnetic moment.

D.3 Implantation of Fe then O then Bi into SiO2:Si, IM2
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Figure D.3.1: D-Trim simulation of IM2, 56 keV 2×1016 Bi.cm−2 (red), 38 keV 2×1016

Fe.cm−2 (blue) and 7.5 keV 5.5×1016 O.cm−2 (green) into SiO2.

The Figure D.3.1 displays the D-Trim simulation [Biersack et al., 1991] of IM2.
D-Trim calculation was made for 56 keV 2×1016 Bi.cm−2, 38 keV 2×1016 Fe.cm−2 and
7.5 keV 5.5×1016 O.cm−2 into SiO2. Bismuth and iron depth profile are similar. The
theoretical depth profile of bismuth and iron is about 30 nm while the implanted oxy-
gen reaches 40 nm. The bismuth concentration is theoretically estimated at 9% and 7%
for iron. The implanted oxygen has an estimated potential concentration of 24%. This
concentration is about 2.8 time more important than the iron and bismuth concentra-
tion. Oxygen from the substrate is not shown in the Figure D.3.1. The oxygen from
the substrate is estimated with D-trim simulation around 60% in the implanted layer
and 66% in the SiO2 layer, silicon concentration is estimated around 33% through the
SiO2layer.

The Figure D.3.2 (a) displays the RBS of IM2 as-implanted into SiO2:Si. Also,
shown in this figure is the RUMP fit [Doolittle, 1985] with the assumption of a 3 lay-
ers’ material. The surface layer is composed of Si1, O2.3, Bi0.3 and Fe0.3 (2×1017 at.cm−2

and a density of 4.55×1022 at.cm−3) with an estimated thickness of 44 nm. This sto-
ichiometry could suggest a surface layer of SiO2, FeO and Bi. The estimated depth
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profile from D-Trim was ∼30 nm. This is less than the 44±2 nm estimated with RUMP
fit. The difference could be cause either by an overestimation of the density of SiO2

in D-Trim implantation simulation which would increase the stopping power and re-
duce the depth profile of the implanted ions or the condition of implantation resulted
in greater potential of acceleration. An unlikely, as diffusion is not seen in RUMP fit,
explanation could be ion diffusion caused by the temperature increasing during the
implantation. A combination of both effects could also explain the difference of depth
profile. The second layer is the SiO2 (2.7×1018 at.cm−2, 5.18×1022 at.cm−3) 521 nm. The
manufacturer specification for the SiO2 layer is 500±30 nm. The third layer is the bulk
Si.
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Figure D.3.2: RBS of implanted Fe 2×1016 at.cm−2 then O at 6×1016 at.cm−2 then Bi 2×1016

at.cm−2. Also, shown is the RUMP fit (red).

From the RUMP fit, the bismuth and the iron dose calculated at 2×1016 Bi.cm−2

and 1.98×1016 Fe.cm−2. The selected fluence for both ions were 2×1016 at.cm−2, so IM2
retain Bi and Fe during the implantation. The difference between the D-Trim simula-
tion iron fluence and the RUMP fit dose could be due to sputtering occurring while
implanting oxygen followed by bismuth. The experimental setup limits the accuracy’s
estimation of the implanted oxygen dose as the oxygen from the substrate and im-
planted are not distinguishable. The total, substrate and implanted ions, oxygen dose
is estimate at 1×1019 at.cm−2.

Figure D.3.2 (b) displays the RBS of the IM2-A, annealed at 800 °C for 120 min-
utes. Also, shown in this figure is the RUMP fit with 7 layers (details are presented in
Table D.3.1). The surface layer is composed of Bi0.2, Fe0.3, Si2 and O4 (5×1017 at.cm−2

and estimated density with SRIM of 4.94×1022 at.cm−3) with a thickness of 101 nm.
This stoichiometry would suggest a SiO2 layer with Fe and Bi. The second layer
is SiO2 with Bi0.07 and Fe0.01 (1×1017 at.cm−2 and estimated density with SRIM of
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4.75×1022 at.cm−3) with a thickness of 21 nm. The third layer contains Bi0.02 and Fe0.01

in SiO2. The thickness is estimated at 69 nm (Table D.3.1). Annealing the implanted
sample resulted in diffusion of Bi and Fe, before annealing the Bi and Fe depth profile
was about 42 nm, while after annealing the ions depth profile is 191 nm. The dose
of Bi is 1.93×1016 at.cm−2 compare to 2×1016 at.cm−2 before annealing, not a signif-
icant amount of bismuth was evaporated. The Fe dose is the same before and after
annealing, 1.98×1016 at.cm−2. Layer 4 is composed of SiO2, the thickness estimated,
Table D.3.1, is 125 nm. Layer 5 is the last layer composed of oxygen, the layers’ under-
neath are the bulk silicon substrate. After annealing, the SiO2 thickness is estimated at
665 nm. This thickness suggests O diffusion or SiO2 layer growth during the annealing
process. Oxygen diffusion could be caused by thermal annealing, the manufacturer
used this technique to produce their commercial SiO2:Si substrate, or, less likely, the
bismuth diffusion could carry oxygen deeper in the film. The oxygen dose is esti-
mate at 1.4×1019 at.cm−2, if this value was reliable, this would mean an increase dose
of 0.4×1019 at.cm−2 only due to an annealing at 800 °C for 120 minutes in an oxygen
atmosphere.

Table D.3.1: IM2-A, RUMP fit’s parameter.

Thickness RUMP Density SRIM Thickness
layer (at.cm−2) Bi Fe O Si H (at.cm−3) (nm)

1 5×1017 0.2 0.3 4 2 0 4.94×1022 101
2 1×1017 0.07 0.01 2.0 1 0 4.75×1022 21
3 3.5×1017 0.02 0.01 2 1 0 5.06×1022 69
4 6.5×1017 0 0 2 1 0 5.18×1022 125
5 1.8×1018 0 0 1.8 1 0 5.17×1022 348
6 3.8×1018 0 0 0 1 0.4 4.97×1022 765
7 1×1019 0 0 0 1 0 4.98×1022 2009

From the RBS analysis (Figure D.3.3), diffusion of bismuth after annealing is
highlighted, no evaporation was reported. Bismuth diffusion is expected in SiO2,
∼10−14 cm2 s−1 at 800 °C [Büngener et al., 2003]. The RUMP fit, Table D.3.1, include
traces of iron in layers 2 and 3, however the superposition of the RBS spectrum, Fig-
ure D.3.3, suggest iron is not diffused. So, the iron traces, instead of being a sign of
diffusion could mean the detector quality was deteriorating.

The Figure D.3.4 displays the XRD of IM2-A. Also, shown in this figure are the
JCPDS 01-074-0201 (Si), JCPDS 00-039-1346 (γ-Fe2O3), JCPDS 00-033-0664 (α-Fe2O3)
and JCPDS 00-019-0629 (Fe3O4). The XRD does not displays any clear phase. This does
not imply that iron oxide phases or iron-silicon phases are not in the material. Those
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Figure D.3.3: RBS of IM2 (black) and IM2-A (red).

phases could be amorphous or in too small concentration to be seen in XRD, as RUMP
fit suggest layers of SiO2 with less than 0.3 iron and bismuth ions. A broad peak centre
at 30° is visible and indicate the presence of an amorphous material that could be SiO2.
The broad feature and the presence of the peak (101) and (002) with potential contribu-
tion of hematite, maghemite or magnetite prevent any accurate size particle estimation
with the Scherrer’s equation [Patterson, 1939; Scherrer, 1918]. Raman spectroscopy
and magnetic moment may provide more information on the sample.
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Figure D.3.5 displays the Raman spectroscopy of IM2 and IM2-A. Also shown is
the bismuth Raman scattered peak around 90 cm−1, hematite (*) and magnetite (!). The
as-implanted Raman spectroscopy (blue) shows a peak at ∼90 cm−1 which is a Raman
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active mode of bismuth. The rest of the spectrum of IM2 overlaps with the Raman
spectrum of the silicon dioxide substrate. No other components can be seen in the Ra-
man spectrum for the as-implanted sample, only bismuth and the SiO2 substrate. SiO2

and Bi were phases deduced from the RBS analysis, Figure D.3.2 (a). The missing phase
in the Raman spectroscopy is FeO. FeO phase, if present must be in small quantity or
amorphous as IM2 does not have a Raman active mode for FeO.

Figure D.3.5: Raman spectrum of IM2 (blue), IM2-A (red) and SiO2 substrate (black). Also,
shown in this figure is bismuth Raman scattered peak ∼90 cm−1, hematite (*)
and magnetite (!).

After annealed the sample for 120 minutes, the Raman spectroscopy no longer
shows the bismuth peak around ∼90 cm−1 [Salazar-Pérez et al., 2005; Kumari et al.,
2007; Steele and Lewis, 2014]. The new Raman active mode after annealing confirms
that annealing IM2 modifies the phases in the film. IM2-A shows 10 Raman actives
mode of α-Fe2O3 hematite [Jubb and Allen, 2010]. There might also be a broad shoulder
around 700 cm−1; if this is real, the Raman shift would indicate the presence of Fe3O4

magnetite [Jubb and Allen, 2010]. So, annealing might form hematite or increase the
particles size to be seen in Raman spectroscopy and magnetite might also form or grow.
Magnetite and maghemite presence will be further analysis with the magnetic moment
analysis.

Both IM2 and IM2-A do not show any sign of FeSi [Nyhus et al., 1995; Ponosov
et al., 2016] or β-FeSi2 [Yoshitake et al., 2001]. The only magnetic phases present in this
analysis are iron oxides.

FeSi and β-FeSi2 may have been present in IM1-A, further analysis of that sample
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would be required to confirm that, however those phases are not present either in IM2
or IM2-A. The Raman spectroscopy is extremely different between the IM1-A and IM2-
A. This suggests that changing the implantation order resulted in significant different
phases or IM2-A, Figure D.3.5, the hematite phase is in sufficient concentration to hide
the other phases in Raman scattering. Further analysis would be required to confirm,
if IM1 and IM2 are significantly different and the source of the difference.
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Figure D.3.6: Field loop, ambient temperature (black) and 5 K (red), of IM2. Inset shows an
expand scale near 0 T. Also, show in this figure is the Brillouin function (blue
line) with J=2.5±0.1.

The Figure D.3.6 displays the Field loop, ambient temperature (black) and 5 K
(red), of IM2. At 300 K, the field loop saturates at 0.01 µB/Fe while the low temperature
field loop does not saturate. Also, shown in this figure is an inset with an expand scale
near 0 T. This inset shows a hysteresis loop at low temperature that close at ambient
temperature.

The as-implanted sample has a weak magnetic signal at ambient temperature
that could come from hematite. The weak magnetic signal shows that not all the iron
moments are order which is consistent with the antiferromagnetic [Wu et al., 2015]
phase displayed in the Raman spectroscopy [Jubb and Allen, 2010], Figure D.3.5. A
very small fraction of maghemite or magnetite could explain the increase moment at
low temperature and the apparent absence of saturation [Wu et al., 2015].

The Figure D.3.6 displays the Brillouin function, blue line, fitted to the magnetic
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moment of the as-implanted film, IM2. The Brillouin model fit in this figure is esti-
mated at J=2.46 which is close to the J=5/2. This model Brillouin function is consistent
to Fe3+ in high concentration [Kittel, 2005; Van Diepen and Popma, 1978].
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Figure D.3.7: Field loop, 300 K (black) and 5 K (red), of IM2-A. Inset shows an expand scale
near 0 T.

The Figure D.3.7 displays the Field loop, ambient temperature (black) and 5 K
(red), of IM2-A. At 300 K, the field loop saturates at 0.012 µB/Fe while the low temper-
ature field loop does not saturate. Also, shown in this figure is an inset with an expand
scale near 0 T. This inset shows a hysteresis loop at low temperature that reduce at
ambient temperature.

After annealing at 800 °C for 120 minutes, the magnetic moment is slightly en-
hanced, suggesting an increase in the amount of iron oxides [Cullity and Graham, 2009;
Aragón, 1992; Nadeem et al., 2011]. IM2-A shows a clear ferromagnetic behaviour, dis-
played by a hysteresis loop at ambient temperature and low temperature. This could
suggest that ferromagnetic phases of Fe3O4 and γ-Fe2O3 [Aragón, 1992; Nadeem et al.,
2011] are present in the film. Assuming the magnetic ordering of Fe comes from Fe3O4

and γ-Fe2O3, those phases would compose less than 9% of the film; from the Raman
analysis, the remaining components would be other iron oxide phases, a significant
amount of the iron in the material is not magnetically order. The fact that the hystere-
sis is still visible at ambient temperature confirms the Curie temperature of IM2-A is
above 300 K.
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The Figure D.3.8 (a) displays the Zero-field-cooled (red) and field-cooled (black
(ZFC-FC) of IM2. The magnetic field was set to 0.01 T. The ZFC-FC hysteresis close be-
tween 60 K and 90 K. The as-implanted film shows a blocking temperature of 63 K. This
blocking temperature indicates nanoparticles smaller than 7 nm in diameter assuming
a superparamagnetic state coming from maghemite or magnetite [Nadeem et al., 2011;
Dedkov et al., 2002]. The estimation is based on the blocking temperature, TB [DiPi-
etro et al., 2010], equation 2.1.6. The small moment seen in the Figure D.3.8 (a) could
be caused by a small concentration of free moment in the material.

The Figure D.3.8 (b) displays the zero-field-cooled (red) and field-cooled (black
(ZFC-FC) of IM2-A. The magnetic field was set to 0.01 T. The hysteresis of the ZFC-FC
does not close at high temperature. The ZFC-FC splitting at high temperature suggest
a ferromagnetic material, this can be expected with a material containing mix phases
of iron oxide like Fe3O4 or γ-Fe2O3 [Aragón, 1992; Nadeem et al., 2011].
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Figure D.3.8: Zero-field-cooled (red) and field-cooled (black (ZFC-FC) of (a) IM2, hysteresis

close between 60 K and 90 K and (b) IM2-A, the hysteresis of the ZFC-FC does
not close at high temperature. The magnetic field was set to 0.01 T.

The Figure D.3.9 (a) displays the temperature dependence of the saturated mag-
netic moment under an applied magnetic field at 6 T for the sample IM2. Also, shown
in this figure is a Curie-Weiss law fit (red) with a Curie-Weiss temperature near 0 K,
(4.35±4.98 K).

From equation D.3.1 [Hall and Hook, 1991] and the C0 value of 1 µB extracted
from the Figure D.3.9 (a), the effective moment can be estimated:
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m

N µB

=
P 2

eff µB B

3kB (T − θ)
. (D.3.1)

Where m is the magnetic moment, N the number of atoms, µB is the Bohr magne-
ton, Peff is the effective moment, B is the applied magnetic field of 6 T, kB is the Boltz-
mann constant, T is the varying temperature and θ is the Curie temperature. From the
theory Peff = g(S(S+1))1/2 [Levy, 1968] and SFe2+ can be 2, 1/2 or 0 and SFe3+ can be 5/2,
1/2 or 3/2. Assuming each Fe2+ has an equivalent number of Fe3+ then in a simple
model Peff = (1/3)1/2×(P2

Fe2+ + 4 P2
Fe3+)1/2. Assuming PFe2+=0 and PFe3+=1.73, both val-

ues are the smallest energy for Fe2+ and Fe3+ then Peff > 1.41. C0=P 2
eff×µB×B/(3kB)

and hence Peff=0.86×(C0)0.5, so Peff=0.8±0.2 µB. This is less than expected for Fe2+ or
Fe3+. A low effective moment for Fe is consistent with significant antiferromagnetic
order.
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Figure D.3.9: Temperature dependence of the saturated magnetic moment under an applied

magnetic field at 6 T for (a) IM2 and (b) IM2-A. Also, shown in this figure is a
Curie-Weiss law fit (red).

The Figure D.3.9 (b) displays the temperature dependence of the saturated mag-
netic moment under an applied magnetic field of 6 T for sample IM2-A. Also, shown
in this figure is a Curie-Weiss law fit (red) with a Curie Weiss temperature of -7 K. The
temperature dependence at 6 T follows the Curie-Weiss law with TN= -7 K, which con-
firm no long range magnetic interaction are visible meaning the material may display
an antiferromagnetic ordering. Both the as-implanted, IM2, and annealed, IM2-A, film
follows the Curie-Weiss law. In the case of the IM2-A, the Curie Weiss temperature ac-
cording to Curie Weiss’s law is TN= -7 K instead of nearly 0 K for the sample IM2. The
fit is better after annealing the sample, meaning the Curie-Weiss law describes the tem-
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perature dependence of this material very well, while the as-implanted sample might
also have some contribution from spin disorder to explained the limited fit quality.

From the Curie-Weiss fit in Figure D.3.9 (b) and the equation D.3.1, the effective
moment is estimated at 1.1±0.1 µB. Assuming PFe2+=0 and PFe3+=1.73, both values
are the smallest energy for Fe2+ and Fe3+ then Peff > 1.41. So, the iron must be in an
antiferromagnetic state like hematite phase seen in Raman spectroscopy with a small
ferromagnetic contribution from maghemite and magnetite. The effective moment be-
fore annealing, 0.8±0.2 µB, is close to the effective moment after annealing the sample,
1.1±0.1 µB, so a similar phase might be present in both films. The Curie-Weiss fit
indicates that an un-ordered moment is present and that un-ordered moment could
originate from the bismuth ions implanted after iron oxide had form.

The as-implanted film displays an exchange bias at 5 K of less than 0.5 mT, while
the annealed film does not seem to display any exchange bias. The almost inexistent
exchange bias suggests [Nogués and Schuller, 1999] that if the films contains a ferro-
magnetic and antiferromagnetic phase, they are not in contact or other ions may reduce
the bias.

D.4 Implantation of Fe then O then Bi into Si, IM3
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Figure D.4.1: D-Trim simulation of IM3, 56 keV 2×1016 Bi.cm−2 (black), 38 keV 2×1016

Fe.cm−2 (red) and 7.5 keV 6×1016 O.cm−2 (blue) into Si.

Study the effect oxygen in the substrate would be interesting and could be done
by comparing the ions implantated into SiO2:Si with an implantation into bulk silicon.
This could increase the knowledge the interaction of the substrate oxygen with the im-
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planted iron and bismuth ions. The results in this section are presented as preliminary
results, XRD and TEM analysis were not carried on this set of sample as of now. The
XRD and TEM analysis of this set of sample would be interesting to clearly identify
the phases present. Preliminary results suggest the formation of another phase, FeSi or
β-FeSi2 then those seen in IM1 and IM2.

The Figure D.4.1 displays the D-Trim simulation of implantation Fe then O then
Bi into Si bulk, IM3. D-Trim calculation for 56 keV 2×1016 Bi.cm−2 (black), 38 keV
2×1016 Fe.cm−2 (red) and 7.5 keV 6×1016 O.cm−2 (blue) into Si. Also, shown in this
figure is the bismuth depth profile estimated at 40 nm with a concentration of 15%. Iron
has a depth profile 55 nm with a concentration of approximately 10%. The implanted
oxygen depth profile is estimated at 50 nm with a concentration of 29%.
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(a) IM3, as-implanted. (b) IM3-A, annealed at 800 °C, 120 min.
Figure D.4.2: RBS of implanted Fe 2×1016 at.cm−2 then O at 6×1016 at.cm−2 then Bi 2×1016

at.cm−2 into bulk Si. Also, shown is the RUMP fit.

The Figure D.4.2 (a) displays the RBS of the Implanted Fe 2×1016 at.cm−2 then O
at 6×1016 at.cm−2 then Bi 2×1016 at.cm−2. IM3 is the as-implanted into bulk Si. Also,
shown in this figure is the RUMP fit with the assumption of a 3 layers’ material. The
surface layer is composed of Bi0.3, Fe0.3, O0.1 and Si1 (1×1017 at.cm−2, 4.28×1022 at.cm−3)
with a thickness of 23±3 nm. That stoichiometry could suggest bismuth and iron
bonded with the silicon substrate, however, this is difficult to achieve. The second
layer is made of Bi0.1, Fe0.1, O0.1 and Si1 (2×1017 at.cm−2, 4.57×1022 at.cm−3) with a
thickness of 44±2 nm and the third layer is the bulk Si. The stoichiometry of the second
layer could suggest the formation of FeO, FeSi and Bi. From the RUMP fit, the bismuth
dose is calculated at 2×1016 at.cm−2 and the iron dose is calculated at 2×1016 at.cm−2.
The oxygen intensity peak is weak which increases the uncertainty of that measure-
ment, however the total oxygen concentration can be estimated at 5×1016 at.cm−2. A
native oxide layer is always expected in silicon substrate, however the native layer and
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the implanted oxygen ions layer are indistinguishable from each other. The total dose
calculated with RUMP fit would include the native oxygen and the implanted oxy-
gen ions. The RBS analysis is not sufficiently sensitive to light element like oxygen to
provide an accurate concentration in the sample IM3.

The iron and bismuth dose are, 2×1016 at.cm−2, which is the selected implanted
fluence of 2×1016 at.cm−2 (D-Trim simulation). The theoretical depth profile was es-
timated by D-Trim at 40 nm for bismuth and 55 nm for iron. RUMP fit derive an
estimated depth profile of iron and bismuth around 67±5 nm. The difference could
come from the D-Trim assumption that the substrate is made of pure silicon while the
silicon substrate used is p-type doping with boron. The boron concentration could be
sufficient to modify the silicon density and thus modifying the stopping range power.
The other option would be a self-annealing treatment during the implantation, both
are unlikely the cause of that difference in depth profile.

The oxygen fluence was theoretically predicted by D-Trim to be 6×1016 at.cm−2,
however the RUMP simulation calculates a dose of 5×1016 at.cm−2. The difference
could arise from the weak oxygen signal increasing the uncertainty of the estimation
or an uneven oxygen implantation. The Figure D.4.2 (b) displays the RBS of the Im-
planted Fe 2×1016 at.cm−2 then O at 6×1016 at.cm−2 then Bi 2×1016 at.cm−2, implanted
into Si then annealed at 800 °C for 120 minutes, IM3-A. Also, shown in this figure is
the RUMP fit based on the assumption of a 4 layers’ material. The surface layer is com-
posed of Si1O2, Bi0.001 and Fe0.03 (4.4×1017 at.cm−2, 5.27×1022 at.cm−3) with a thickness
of 84 nm. This stoichiometry suggests bismuth and iron doping of SiO2. The second
layer is composed of Si1O2, Bi0.3 and Fe0.3 (1.8×1017 at.cm−2, 4.52×1022 at.cm−3) with a
thickness of 40 nm. This stoichiometry suggests bismuth and iron doping of SiO2. The
third layer is made of SiO2 with Bi0.01 (0.8×1017 at.cm−2, 5.11×1022 at.cm−3) 16 nm and
the fourth layer is the bulk Si. From the RUMP fit, bismuth, iron and oxygen dose are
calculated at 0.9×1016 Bi.cm−2, 1.28×1016 Fe.cm−2 and 30×1016 O.cm−2.

After the sample is annealed for 2 hours in an oxygen atmosphere, the oxida-
tion of the sample is significant, when comparing the as-implanted film oxygen dose
(5×1016 O.cm-2) to the annealed oxygen dose (30×1016 O.cm−2). This would imply that
a significant amount of oxygen from the annealing atmosphere was incorporated into
the film. The mobility of bismuth atoms is likely the cause of that increasing amount
of oxygen, which allows bismuth to bond with oxygen at the surface of the material
[Gujar et al., 2005]. The bismuth oxide material has a reduced mobility, and the oxy-
gen stays in the material, in the best case scenario, to form BiFeO3 nanoparticles. The
ratio of bismuth to iron is 1 to 1.4 after annealing. The bismuth concentration drops
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from 2×1016 at.cm−2, before annealing, to 1.27×1016 at.cm−2 after. The iron content is
also reduced: the as-implanted concentration of iron is 2×1016 at.cm−2, however after
annealing, the concentration becomes 1.93×1016 at.cm−2. This indicates evaporation of
bismuth ions during the annealing with the evaporation of iron is minimal. The other
option to explain the difference would be if the implantation was uneven. The evapo-
ration of bismuth could suggest that this synthesis leads to the formation of Bi phases
with weak bond to other atoms.

The other effect annealing has on the film is diffusion the as-implanted film con-
tains bismuth and iron only in the top ∼67 nm while the annealed sample contains
bismuth at depth of almost 123 nm. Another modification is the formation of a 139 nm
silicon dioxide layer.
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Figure D.4.3: Raman spectrum of implanted Fe then O then Bi into Si. Also, shown is the
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The Figure D.4.3 displays the Raman spectroscopy of the sample implanted with
Fe then O then Bi into Si. Also shown is the bismuth Raman scattered peak around
90 cm−1, β-FeSi2 and FeSi (180 cm−1 [Ponosov et al., 2016]). The Raman spectroscopy
was carried out with a laser 514 nm with a laser power of less than 10 µW and with an
objective of 100×.

The as-implanted Raman spectrum displays a broad peak at 90 cm−1 that could be
bismuth. Bi could be in small particles. The silicon peak is seen at 521 cm−1, however
the intensity is reduced suggesting the material may be absorbing a significant part of
the light. There is a broad feature around 300 cm−1, similar to the SiO2 reference that
may suggest the formation of a silicon dioxide by implanting oxygen ions or this could
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also be due to a small amount of native oxide layer cover the bulk silicon substrate.
The rest of the Raman spectrum seems to indicate an amorphous material.

After annealing the film, the Raman spectroscopy shows a bismuth active mode
at 90 cm−1 and some Raman active move indicates a bonding between iron and silicon,
β-FeSi2 and FeSi. The rest of the Raman spectrum behaves exactly like the silicon diox-
ide blank substrate. This is interesting, as the substrate is a bulk silicon (111) wafer.
This could imply that the oxygen implanted and added during annealing formed a sil-
icon dioxide layer. The increase silicon peak intensity after annealing compared to the
as-implanted material could come from a loss of ions, bismuth and iron, as discussed
in the RBS analysis; the evaporation of those ions would increase the fraction of silicon
and increase intensity of the Raman shift. The increase intensity could also indicate a
nanostructured material was form, like SiO2. The sharpe peaks seen after annealing
the sample suggest that β-FeSi2 and FeSi are large particles.
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(a) IM3, as-implanted. (b) IM3-A, annealed 800 °C, 120 min.
Figure D.4.4: Field loop, 300 K (black) and 5 K (red) of (a) IM3. The ambient temperature

field loop saturates at 0.002 µB/Fe and the low temperature field loop satu-
rate at 0.003 µB/Fe. (b) IM3-A, the ambient temperature field loop saturates
at 0.006 µB/Fe and the low temperature field loop saturate at 0.019 µB/Fe.
Inset: expand scale near 0 T showing a hysteresis loop at low temperature and
ambient temperature.

The Figure D.4.4 (a) displays the field loop, ambient temperature (black) and 5 K
(red), of IM3. The ambient temperature field loop saturates at 0.002 µB/Fe and the low
temperature field loop saturate at 0.003 µB/Fe. Also, shown in this figure is an inset
with an expand scale near 0 T. This inset shows a hysteresis loop at low temperature
and ambient temperature.

The as-implanted sample has a weak magnetic signal at ambient temperature that
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could come from hematite. A very small fraction of maghemite or magnetite could ex-
plain the increase moment at low temperature and the apparent absence of saturation.

The Figure D.4.4 (a) inset displays a hysteresis loop at low and ambient tempera-
ture, indicative of a ferromagnetic or ferrimagnetic material. The β-FeSi2 saturation
magnetic moment at 2 K was reported to be 0.3 µB/Fe Liang et al. [2006]. In the
as-implanted film, according to Raman analysis on the annealed film, only β-FeSi2
is present with non-magnetic bismuth. Iron oxide could be present in an amorphous
phase. Knowing that magnetite and maghemite have a magnetic saturation moment
up to 1.35 µB/Fe [Cullity and Graham, 2009] then Fe3O4 and γ-Fe2O3 can be neglected
in this analysis. A quick estimate would suggest that those iron oxide materials would
be responsible for less than 1% of the Fe magnetic ordering. α-Fe2O3 and the other iron
oxide material previously analysed have a weak magnetic moment, limiting the abil-
ity to analyse them with this technique. However, the Raman spectra does not clearly
show hematite which would indicate that hematite phase fraction is possibly present
in a small amount or that phase is in an amorphous state. This means that the magnetic
Fe might come from less than 2% of β-FeSi2. β-FeSi2 has been reported to be weakly
ferromagnetic [Hattori et al., 2007], as seen in the Figure D.4.4 (a), the as-implanted
film maybe weakly ferromagnetic.

The Figure D.4.4 (b) displays the Field loop, 300 K (black) and 5 K (red), of IM3-A.
The ambient temperature field loop saturates at 0.006 µB/Fe and the low temperature
field loop saturate at 0.019 µB/Fe. Also, shown in this figure is an inset with an expand
scale near 0 T. The inset shows a hysteresis loop at low temperature that reduce at
ambient temperature.

Annealing the implanted film leads to an enhanced magnetic moment at satura-
tion, probably caused by an increase in iron-silicon or iron oxide formation. At ambient
temperature, the magnetic moment of the as-implanted sample is 0.003 µB/Fe and af-
ter annealing this value double to become 0.006 µB/Fe. As the Raman analysis shows,
the only source of potential magnetic material is β-FeSi2, iron oxide is not clearly iden-
tified. So, assuming the only magnetic material present in the film is the iron-silicon,
the magnetic Fe would compose less than 7% of the film in β-FeSi2. The insert, Fig-
ure D.4.4 (b), displays a hysteresis loop at low temperature that disappears at ambient
temperature. With an enhanced magnetic saturation moment at low temperature com-
pared to ambient temperature, a superparamagnetism material might be present.

The Figure D.4.5 (a) displays the Zero-field-cooled (red) and field-cooled (black
(ZFC-FC) of IM3. The magnetic field was set to 10 mT. The ZFC-FC hysteresis close



D.4 IM3 and IM3-A 201

between 70 K and 125 K. Due to a weak magnetic moment measured, the noise level is
significant which increases the uncertainty of the blocking temperature.

The as-implanted film shows a weak magnetic response suggesting that the frac-
tion of superparamagnetic material maybe small. The amount of potential magnetic
iron was estimated to be less than 2% when analysing the field loop measurements.
Assuming the ZFC and FC splitting point occurs between 70 K and 125 K, this would
imply β-FeSi2 nanoparticles would be larger than 60 nm in diameter [Chen et al., 2007].
A large particle size is consistent with the Raman analysis.

50 100 150 200 250 300
0.0000

0.0001

0.0002

0.0003

0.0004

0.0005

ZFC

M
om

en
t p

er
 F

e 
(

B)

Temperature (K)

FC

Im 3 at 10 mT

50 100 150 200 250 300
0.000

0.001

0.002

0.003

0.004

0.005

0.006

ZFC

Annealed 2h, 800C in O2
substrate is Si

M
om

en
t p

er
 F

e 
(

B)

Temperature (K)

FC

(a) IM3, as-implanted. (b) IM3-A, annealed 800 °C, 120 min.
Figure D.4.5: ZFC (red) and FC (black) of (a) IM3. The magnetic field was set to 0.01 T. The

ZFC-FC hysteresis close between 70 K and 125 K. Due to a weak magnetic mo-
ment measured, the noise level is significant which increases the uncertainty
of the blocking temperature. (b) IM3-A, the magnetic field was set to 0.01 T.
The ZFC-FC hysteresis might close near 300 K. There might be a ferromagnetic
contribution as the ZFC and FC merge close to ambient temperature.

The Figure D.4.5 (b) displays the ZFC (red) and FC (black) of IM3-A. The magnetic
field was set to 10 mT. The ZFC-FC hysteresis might close near 300 K. There might be
a ferromagnetic contribution as the ZFC and FC merge close to ambient temperature,
however no clear merge is reported.

Superparamagnetism could be debated in the as-implanted sample because of
a weak magnetic signal, the annealed sample may show a superparamagnetic effect,
ZFC-FC split and merge. If the magnetic moment is assumed to originate in the for-
mation of iron-silicon and the blocking temperature is around 300 K then the nanopar-
ticles would be larger than 65 nm [Chen et al., 2007]. The sharp peak from the Raman
spectrum confirms the large particle size is present. The imprecision of the blocking
temperature, a transition in the ZFC is seen around 150 K, this could arise from a size
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distribution of β-FeSi2.

The temperature dependence is not a reliable measurement for the as-implanted
and annealed sample as the silicon substrate seems to dominate the magnetic signal
at saturation. The small number of implanted ions compared to the silicon substrate
could explain the weak magnetic contribution of those implanted species.

D.5 Conclusion

The new approach to synthesis BiFeO3 by ion implantation technique needs further
optimisation, however synthesising BiFeO3 thin film using this approach seems chal-
lenging. Nonetheless this material opens an interesting study on the particle forma-
tion, iron oxide and the effects of bismuth. Implanting bismuth first leads to a sig-
nificant sputtering of implanted ions. Annealing the implanted bismuth then iron the
oxygen forms a crystalize SiO2 layer with iron oxide present in small fraction compare
to the SiO2. While implanting iron first leads to the formation of either iron oxide if im-
planted into SiO2 substrate or iron-silicon if implanted into a bulk silicon substrate, the
evaporation of ions during the annealing process is negligible. The bismuth implan-
tation as the last implanted ion seems to result in a highly disorder layer containing
bismuth ions.

The results in this section are presented as preliminary results, XRD and TEM
analysis were not carried on this set of sample as of now. The first set of samples, IM1,
implantation of Bi then Fe then O into SiO2:Si, has a crystalize SiO2 layer and IM1 may
contain a small fraction of mix phases of iron oxides: α-Fe2O3, γ-Fe2O3, Fe3O4, and
β-FeSi2. There is no evidence of superparamagnetic effect in the annealed film. Due
to a significant number of ions evaporation during the annealing process, this sample
was used as an exploratory research for nanostructured material synthesis by triple
implantation. For future work, investigating that crystallise SiO2 layer with TEM and
modifying the annealing conditions to study the effect on phase formation and ions
evaporation could be of interest.

The second set of samples, IM2, implantation of Fe then O then Bi into SiO2:Si.
This film when annealed does not lose a significant amount of implanted ions by evap-
oration. IM2 contains a mix phase of iron oxides; α-Fe2O3 and Fe3O4. Bismuth is seen
in the as-implanted sample, however that element is not clearly identified after anneal-
ing suggesting that bismuth may be in a highly disorder layer. The other annealing
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effect is to increase the quantity of iron oxide in the material. Annealing the sample
seems to change the magnetic phase from a superparamagnetic, with a low effective
moment, phase to a ferromagnetic phase. There is no evidence of a ferromagnetic and
antiferromagnetic interface in this film.

In a future work, a TEM analysis of those samples could lead to a better under-
standing of the phases formed and analyse the concentration of bismuth ions. Implant-
ing bismuth then oxygen then iron could increase the chance of creating iron-oxygen-
bismuth bonds. Modifying the annealing procedure, higher temperature and duration,
to analysis the phases and implanting bismuth then oxygen then iron. Implanting at
lower energy to study the surface formation of the phases. As BiFeO3 does not seems
to be forming while implanting ions into silicon based substrate, use other substrates
(e.g. SrTiO3, LaAlO3) could be suggested to form BiFeO3.

The third set of sample, IM3, implantation Fe then O then Bi into Si (111) does
show a significant number of implanted ions loss. The film shows the preliminary
results of the formation of iron-silicon phases and bismuth. The magnetic moment in
IM3 is extremely weak compared to the implantation made into SiO2:Si, IM2. This
could mean a smaller iron oxide concentration is in the sample implanted into bulk
silicon, IM3. Below 100 K, there is no evidence of ferromagnetic phase. In future work,
the study of FeSi with a TEM analysis to understand the formation of that material and
the magnetic ordering would be interesting to undertake.

The comparison between implantation into pure bulk silicon and silicon dioxide
could imply that the implanted iron ions interact with the substrate and form a sta-
ble compound, stable enough to avoid any other bonding even under the influence of
the high kinetic energy of heavy elements like bismuth. When iron is implanted in
silicon dioxide, the sample seems to contain a significant amount of iron oxide, while
implanting iron into pure silicon seems to form β-FeSi2. To fully study this effect, fu-
ture work would require the study of implantation of bismuth, iron and oxygen into
pure silicon (111) bulk wafer or a silicon with another orientation such as (100) and dif-
ferent doing type. The same orientation as the silicon dioxide substrate studied in this
analysis could be used to determine if the crystal bonding is subject to the substrate’s
crystal orientation or if this is only a question of molecular bonding. Modifying the
implantation order may also provide some explanation on the phases formation.

In future work optimisation of the triple ion implantation and the electrical prop-
erties should be investigated. The optimisation analysis should include different en-
ergy, dose and substrate. As some substrate may react less with iron, this could im-
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prove the bismuth-oxygen-iron bonding. Modifying the order of implantation should
be study, bismuth then oxygen then iron. This technique might have to be placed aside
for the moment, as implanting bismuth requires a long period of time and special atten-
tion to preserve the target, and annealing the material results in the loss of implanted
ions.

Investigating the electrical properties of the implanted films should be done for
potential application device. As the magnetic analysis only shows iron oxide or iron-
silicon. The creation of bonds with bismuth might have an effect, or the electrical
moment might suggest the formation of an isolated island of BiFeO3 or other phases.



Appendix E

BiCrxOy thin film

This chapter is very similar to Chapter 4 (sputtered BiFeO3 thin film), however the film
studied in this chapter is the preliminary results at attempting to synthesis BiCrO3 by
ion beam sputtering. The sputtered film resulted in BiCrxOy phases. The purpose of
this chapter is to analyse the synthesis of BiCrxOy thin film and compare that study
with the synthesis of BiFeO3 by ion beam sputtering.

The detailed of the synthesis, growth and structure of nano-polycrystalline bis-
muth chromate; BiCrxOy thin film by ion beam sputtering is discussed. The magnetic
properties and ordering of the films are analysed with different annealing tempera-
tures and duration of annealing. The analysis of bismuth chromite is compared with
chromium oxide powders and thin films.

E.1 Introduction

BiCrO3 (BCO) (Figure E.1.1) is a poorly-understood material that requires further study
because first-principle calculations have predicted this material to be multiferroic [Hill
et al., 2002]. Murakami et al. [2006] reported that BiCrO3 is ferroelectric at ambient tem-
perature. BiCrO3 has a G-type antiferromagnet with a Néel temperature of 110-120 K
[Darie et al., 2010; Kim et al., 2006a]. This material displays a poorly understood spin-
reorientation at low temperatures [Darie et al., 2010], suggesting that any multiferroic
behaviour is observed at temperatures below ∼110 K. BiCrO3 also displays very small
ferromagnetism ordering. This result in BiCrO3 being a less likely suitable material
for potential device applications [Geprägs et al., 2007]. A wide range of measurements
still needs to be performed to identify whether this compound can be a useful multi-
ferroic. Different preparation methods (ion implantation and sputtering), the effects
of doping and annealing could provide important information on the magnetic and
electronic properties of this compound. The study of BiCrO3 was carried out to further
study the effect of the crystal structure and the link with multiferroics properties. Chal-
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lenges arise while synthesising BiCrO3 [Goujon et al., 2008], this study is an attempt at
synthesising a secondary phase free thin film, with ion beam technology.

Figure E.1.1: BiCrO3 unit cell
[Colin et al., 2012].

There has been considerable recent interest in
multiferroic compounds that display a coupling be-
tween the structural, magnetic, and electric order pa-
rameters [Ramesh and Spaldin, 2007; Mocherla et al.,
2014] because of their potential applications, including
ferroelectric RAM [Ortiz-Quiñonez et al., 2013; Kondo
et al., 2007], magnetic sensors [[Ortiz-Quiñonez et al.,
2013]], and photovoltaic cells [Yang et al., 2009]. Most
research has focussed on BiFeO3 because bismuth fer-
rite is multiferroic at ambient temperature, the ferro-
electric Curie temperature is 1103 K. BiFeO3 exhibits
G-type antiferromagnetism with a Néel temperature
of 643 K [Mocherla et al., 2014; Mazumder et al., 2007]. There is interest in exploring
other multiferroic compounds, including BiCrO3. BiCrO3 was predicted to be multi-
ferroic with G-type antiferromagnetism and possibly with antiferroelectric order [Hill
et al., 2002]. Subsequently, BiCrO3 shown evidence of multiferroic properties with anti-
ferroelectric ordering up to the structural transition at 410 K [Kim et al., 2006a]. BiCrO3

has G-type antiferromagnetic ordering at ∼110 K with a small tilt of the magnetic mo-
ments as the temperature is lowered [Darie et al., 2010]. The study of nanocrystalline
multiferroics is particularly interesting because of the potential applications, which in-
clude nano-scale ferroelectric RAM, and because nanocrystals can have strain effects
and uncompensated surface spins that lead to an enhanced magnetisation [Park et al.,
2007].

In this chapter, the preliminary results from structural and magnetic measure-
ments on BiCrxOy films synthesized by ion beam sputtering at ambient temperature
and then annealed in an oxygen atmosphere are presented. In one specific case, the
thin film was annealed in oxygen followed by another annealing in argon. This method
leads to the formation of a thin film with a mix of bismuth chromate oxides and
chromium oxides phases.
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E.2 Experimental details

A 20 keV Ar+ ion beam was used to sputter BiCrxOy thin films at ambient temperature
using a bulk BiCrO3 target in a high vacuum (< 2×10−6 kPa) [Murmu et al., 2012].
The Ar+ ion beam was directed to the sputtering target placed at a 45° angle. The
films were deposited onto 100 nm of thermally oxidised silicon dioxide (SiO2) on a
Si ⟨100⟩ substrate mounted on rotating catchers. The target holder and catchers were
rotated in opposite directions to ensure uniformity of the deposited film. The BiCrxOy

samples were annealed in oxygen atmosphere for 15 minutes at temperatures up to
700 °C. The samples structure was imaged using cross-sectional transmission electron
microscopy (XTEM) and SAED micrographs using a FEI TECNAI TF20 field emission
gun transmission electron microscope operating at 200 kV. XRD measurements were
carried out using a Co Kα X-ray source with a wavelength of 0.1789 nm. The operating
voltage was 40 kV with a current of 35 mA. The samples were placed at a grazing
angle, 2°. Magnetic measurements were carried out using a SQUID magnetometer in
a magnetic measurements property system from Quantum Design.

E.3 Synthesis and structure of BiCrxOy thin film

The synthesis of BiCrxOy is achieved by ion beam sputtering. The sputter target is
made of a mix of bismuth, bismuth oxide, chromium oxides, bismuth chromium oxide
and bismuth chromium. The nano-particles are grown in an annealing furnace with an
oxygen atmosphere. In one case, the thin film was annealed in oxygen followed by an
annealing in argon. In this section, the structure and the analyse of potential secondary
phases in the film are studied.

E.3.1 Rutherford backscattering, RBS

The RBS analysis, shown in Figure E.3.1 (a), shows the backscattering particles of bis-
muth, chromium and oxygen from the thin film and silicon from the substrate. Also,
shown in this figure the RUMP fit of the as-made thin film. The fit is made of 3 lay-
ers. The surface layer (5.5×1017 at.cm−2) is composed of Bi1Cr1O1.5 (4.04×1022 at.cm−3)
with a thickness of about 136±2 nm. This stoichiometry could be explained by mix
phases of Bi2O3 and Cr2O3. The second layer is SiO2 (5.0×1017 at.cm−2 with a density
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of 5.18×1022 at.cm−3) with a thickness of 97 nm which is close to manufacturer pro-
vided thickness of 100 nm. The third layer is the bulk silicon. From the RUMP fit,
bismuth dose is estimated to be 1.4×1017 at.cm−2, Cr is 1.4×1017 at.cm−2. The oxygen
value is not reliable as the contribution of oxygen in the substrate and the oxygen in the
sputtered film are indistinguishable with this characterisation technique. However, the
RUMP fit estimate the total oxygen dose around 4.3×1017 at.cm−2. No contamination
from other element is found; all the elements seen by RBS are expected.
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(a) As-made. (b) Annealed at 500 °C for 15 min.
Figure E.3.1: RBS spectra of sputtered BiCrxOy (a) as-made and (b) annealed at 500 °C for 15

min in an O2 atmosphere. Also in this figure is shown a RUMP fit.

The RBS analysis of the annealed thin film is shown in Figure E.3.1 (b). Also,
shown in this figure is the RUMP fit of the thin film. The simulation is based on
the assumption of material with 3 layers; the surface layer is composed of Bi1Cr1O2.2

(6×1017 at.cm−2, 4.09×1022 at.cm−3) with an estimated thickness of 147±2 nm. This
stoichiometry could be explained with mix phases of Bi2O3, Cr2O3 and CrO. The sec-
ond layer is SiO2 (5.0×1017 at.cm−2 and 5.18×1022 at.cm−3) with a thickness of 97 nm
which is close to manufacturer provided thickness of 100 nm. The third layer is the
bulk silicon. A full study of the annealing effect is already described in the Chapter 4
(sputtered BiFeO3 thin film). The annealing process takes place in an oxygen atmo-
sphere that oxidizes the thin film, increases the quantity of oxygen in the surface layer,
however the stoichiometry is still oxygen-deficient. As the stoichiometry is not reach,
other phases in these materials, like chromium oxides and bismuth oxides, have pos-
sibly form in the films. The effects of those phases will be discussed in more detail
in the subsection E.3.2, XRD. The RUMP fit provide an estimated dose for bismuth of
1.6×1017 at.cm−2, for chromium of 1.6×1017 at.cm−2 and for oxygen of 9.9×1017 at.cm−2

(oxygen dose includes the oxygen in the substrate and the oxygen in the sputtered
film).
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As the BiCrxOy thin film annealed at 500 °C does not reach the required stoi-
chiometry of 1:1:3, a film annealed at 700 °C is analysed. The sample was cut into
3 pieces. The first piece was preserved as is, without annealing. The second piece
was annealed in an oxygen atmosphere. The third piece was first annealed in an
oxygen atmosphere, which was quickly purged and replaced with an argon atmo-
sphere. As previously, the as-made piece shows the backscattered particles of bis-
muth, chromium, oxygen and the silicon from the SiO2 substrate. The SiO2 layer is
about 108 nm (5.6×1017 at.cm−2, 5.18×1022 at.cm−3) thick and the sputtered thin film,
Bi1Cr1.1O1.5, (5.8×1017 at.cm−2, 4.12×1022 at.cm−3) is about 140 nm thick, this analysis
is comparable to the analysis of E.3.1 (a).
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(a) Annealed in O2. (b) Annealed in O2 followed by Ar.
Figure E.3.2: RBS of the sputtered BiCrxOy annealed at 700 °C (a) 15 min in oxygen atmo-

sphere (b) 15 min in an oxygen atmosphere followed by another 15 min in an
argon atmosphere. Also, shown in this figure, the RUMP fit (red).

The Figure E.3.2 (a) displays the RBS of the sputtered BiCrxOy after annealing at
700 °C in oxygen atmosphere for 15 minutes. Also in this figure is shown a RUMP fit
made with the assumption of a 6 layers’ material, the details of the RUMP fit are pre-
sented in Table E.3.1. The surface layer is Bi1Cr1.7O2.5 (3.8×1017 at.cm−2 with a density
of 4.57×1022 at.cm−3) with an estimated thickness of 83 nm. This stoichiometry could
be explained with phases of Bi2O3, Cr2O3, CrO, CrO2 and BiCrxOy. The second layer
is composed of (4.2×1017 at.cm−2, 3.96×1022 at.cm−2) Bi1Cr0.8O2.4 with a thickness of
106 nm. The same phases mention for the surface layer could explain the stoichiometry
of the second layer. The third layer is composed of (5×1017 at.cm−2, 4.65×1022 at.cm−2)
Bi0.1, Cr0.2, O2.5, Si1 with a thickness of 108 nm. This stoichiometry could be explained
by the diffusion of Bi and Cr into an oxygen SiO2 layer, Bi2O3, Cr2O3, CrO. The layer
4 is showing more diffusion of bismuth and chromium, details are presented in Ta-
ble E.3.1. The interest of the layers 3 and 4 is the growth of SiO2 layer through thermal
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annealing. The as-made sample had a SiO2 layer of about 108 nm, annealing this sam-
ple at 700 °C in oxygen for 15 minutes increase the thickness of SiO2 to about 263 nm.

RUMP fit estimates the bismuth dose at 2×1017 at.cm−2, the chromium dose is es-
timated at 2×1017 at.cm−2 and 4.8×1018 at.cm−2 for oxygen. The dose before and after
annealing are similar suggesting a negligible number of ions might have been loss by
evaporation. Annealing in an oxygen atmosphere increases the fluence of oxygen in
the film while the as-made sample had an estimate of 2.2×1017 at.cm−2 after anneal-
ing the fluence is estimated at 4.8×1018 at.cm−2 (the oxygen dose includes the oxygen
from the substrate and the sputtered film, this value may not be accurate due the RBS
experimental sensitivity to oxygen).

Table E.3.1: Annealed BiCrxOy at 700 °C in O2 for 15 minutes, RUMP’s fit parameter.

Thickness RUMP Density SRIM Thickness
layer (at.cm−2) Bi Fe O Si H (at.cm−3) (nm)

1 3.8×1017 1 1.7 2.5 0 0 4.57×1022 83
2 4.2×1017 1 0.8 2.4 0 0 3.96×1022 106
3 5×1017 0.2 0.2 2.5 1 0 4.65×1022 108
4 8×1017 0.006 0.01 2 1 0 5.16×1022 155
5 8×1018 0 0 0 1 0.2 4.97×1022 1609
6 1×1019 0 0 0 1 4.98×1022 2009

Out of concern, a uniformity test was previously carried out in which the thick-
ness of 10 spots of radius less than 1 mm were measured on a few samples of the same
size. The thickness of the material was the same within the uncertainty, in the worst-
case scenario, about a 10 nm thickness difference was noted. The diffusion reported
after annealing the sample at 700 °C for 15 minutes is ten time greater than the varia-
tion the thickness seen in one sample. The thickness is determined by the simulation
software RUMP [Doolittle, 1985].

The E.3.2 (b) displays the RBS spectra of sputtered BiCrxOy annealed at 700 °C for
15 min in an oxygen atmosphere followed by another 15 min in an argon atmosphere.
Also, shown in this figure is the RUMP fit based on the assumption of an 8 layers’
material, the details are presented in Table E.3.2. The surface layer is composed of Bi0.5,
Cr2.4 and C1 (1.1×1017 at.cm−3, 6.1×1022 at.cm−3) with a thickness estimated at 18 nm.
This stoichiometry could be explained either by the diffusion or evaporation of Bi. The
second layer is composed of Bi1, Cr1 and O1.5 (5.4×1017 at.cm−2, 4.04×1022 at.cm−3)
with a thickness estimated at 134 nm. This stoichiometry could be explained with mix
phases of Bi2O3 and Cr2O3. The layer 3 is unexpected, the concentration of oxygen is
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more important than anticipated. By deduction, the third layer should an SiO2 layer
with possible diffusion of bismuth and chromium, however the layer 3 is composed of
Bi0.6, Cr0.6, Si1 and O3 (3.3×1017 at.cm−2, 4.35×1022 at.cm−3) with a thickness estimated
at 76 nm. This stoichiometry could be explained with SiO2 and mix phases of Bi2O3,
Cr2O3, CrO with a slight possibility of CrO2. The layers’ underneath show the diffusion
of bismuth and chromium in the substrate, details are presented in Table E.3.2.

The RUMP simulation provides an estimated fluence of bismuth 2×1017 at.cm−2,
chromium 2×1017 at.cm−2 and oxygen, oxygen fluence include both the oxygen in the
substrate and in the sputtered film, 8×1018 at.cm−2.

Table E.3.2: Annealed BiCrxOy, 700 °C in O2 for 15 min then Ar, RUMP fit parameter.

Thickness Density
RUMP SRIM Thickness

layer (at.cm−2) Bi Fe O Si H C (at.cm−3) (nm)
1 1.1×1017 0.5 2.4 0 0 0 1 6.10×1022 18
2 5.4×1017 2 2 3 0 0 0 4.04×1022 134
3 3.3×1017 0.6 0.6 3 1 0 0 4.47×1022 76
4 4×1017 0.05 0.15 2.2 1 0 0 5.19×1022 77
5 6×1017 0.006 0.02 1 1 0 0 5.13×1022 117
6 8×1017 0.001 0.01 0 1 2 0 4.98×1022 161
7 4×1018 0.001 0 0 1 0.7 0 4.94×1022 809
8 1×1020 0 0 0 1 0.3 0 4.97×1022 20122

The piece annealed in oxygen and subsequently in argon has the same bismuth
and chromium fluence as the other two pieces, 2×1017 at.cm−2. This annealed sample
does not reach the required stoichiometry either. Annealing in oxygen atmosphere in-
creases the oxygen content in the film while the second annealing, in argon, seems to
be increasing the diffusion of oxygen. What is interesting in this case is the sputtered
film loses oxygen while a silicon dioxide layer grows. This can be explained by be
fact that the annealing furnace is not completely purge of oxygen and the oxygen left
might be incorporated in the sample. Even though RBS, 2 MeV 4He+ beam, is not the
best technique to characterise the oxygen content in a material the increase of oxygen
is noticeable as described in the RUMP fit; SiO3 with trace of bismuth and chromium.
Annealing in an oxygen atmosphere increases the oxygen content in the surface layer,
however the second annealing in argon seems to remove some of that oxygen or per-
haps the oxygen is just diffused deeper into the SiO2 layer.

The thickness of the third piece is more complex to analyse because of the diffu-
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sion of bismuth, chromium and oxygen toward the inner layer. A new interface grew
out of the final annealing stage. Bismuth and chromium can be found at depth up to
422 nm after annealing the film in an oxygen atmosphere for 15 minutes and subse-
quently annealing in argon for 15 minutes while a single annealing in oxygen for 15
minutes resulted in bismuth and chromium to be present in the top 297 nm and the
as-made film have them only in the top 120 nm. The diffusion is clearly seen with the
RUMP fit.

E.3.2 X-Ray diffraction, XRD
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Figure E.3.3: XRD data for the(a) as-made film and (b) film annealed in oxygen at 400 °C and
(c) annealed in oxygen at 500 °C. Also shown are the reference patterns for (a)
Bi (JCPDS 01-085-1329) and (b) Bi2O3 (JCPDS 00-22-0515), Bi1.78Cr0.62O12+x

(JCPDS 00-050-0373), orthorhombic CrO3 (JCPDS 00-032-0285), and rhombohe-
dral Cr2O3 (JCPDS 00-038-1479).

The XRD analysis of the as-made thin film (Figure E.3.3 (a)) shows only nano-
bismuth particles (JCPDF 01-085-1329) [Ishiguro et al., 1983]. As the RBS analysis (sub-
section E.3.1) confirms the presence of chromium and oxygen this can be explained
either by chromium oxide phases being amorphous or the atomic form factor of the
chromium oxides is too small compared to bismuth to be seen in the X-ray analy-
sis. Using Scherer’s equation on the peak (012), the nano-bismuth size is estimated
at around ∼16±0.3 nm. There is no evidence for CrOx phases and hence either CrOx is
amorphous or the crystallite size is small.

Annealing of the BiCrxOy film to 400 °C in oxygen leads to a significant change in
the XRD data as can be seen in Figure E.3.3 (b). From that figure, Bi is clearly no longer
present. The peaks are broad an indication that there are small nanoparticles, however
the BiCrxOy phase is not clearly identify in Figure E.3.3. There is no evidence for the
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known monoclinic or orthorhombic BiCrO3 phases. The JCPDS database does include
a reference pattern for what was believed to be tetragonal BiCrO3 (JCPDS 00-004-5070).
However, the reference pattern quality mark is listed as blank, which indicates that the
phase assignment cannot be trusted. In fact, the JCPDS 00-004-5070 reference pattern
is close to that of tetragonal Bi7.38Cr0.62O12+x (JCPDS 00-004-5070) that has the high-
est quality mark, which is star. The Figure E.3.3 shows that the XRD data could be
close to that for tetragonal Bi7.38Cr0.62O12+x as well as tetragonal Bi2O3 (JCPDS 00-022-
0515). CrO3 and Cr2O3could also be present, however they are not clearly seen in this
figure which may be due to the low atomic form factor of Cr when compared with
Bi. Annealing the BiCrxOy thin film up to 500 °C did not improve the film quality or
stoichiometry. Annealing at 500 °C, mainly change the nanostructure of the film, the
phases are the same as Figure E.3.3 (c) show the same X-ray diffraction as the sample
annealed at 400 °C (Figure E.3.3 (b)) although the broadening of the peaks are reduced
when increasing the annealing temperature.
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Figure E.3.4: XRD data of BiCrO3 film annealed at 700 °C in O2 and subsequently in Ar.

The XRD data of BiCrO3 suggest an increase difficulty to synthesise this thin film
compared to BiFeO3. A chemical synthesis approach is known to require pressure
of a few atmospheres and a higher temperature [Belik et al., 2007]. In an attempt to
improve the synthesis of BiCrO3, the film was annealed for 15 minutes in an oxygen
atmosphere and then for another 15 minutes in an argon atmosphere. Figure E.3.4
shows the resultant XRD data. The film appears to be amorphous and there are no
clearly identifiable phases. If nanoparticles are present, then they would have to have
small sizes or a small phase fraction.

The Figure E.3.5 displays the X-ray diffraction data for the BiCrO3 sputter target,
(top) the face that was used to sputter thin films and (bottom) the face that was not
sputtered. To avoid contamination, the area that was not protected by the target holder
during the sputtering was masked with Teflon tape. Also, shown in this figure is the
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JCPDS 01-085-1329 (Bi), JCPDS 00-045-1344 (Bi2O3) and JCPDS 00-038-1479 (Cr2O3).
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Figure E.3.5: X-ray diffraction of the BiCrO3 sputter target, (top) the face that was used to
sputter thin films and (bottom) the face that was not sputtered. To avoid con-
tamination, the area that was not protected by the target holder during the sput-
tering was masked with Teflon tape. Also, shown in this figure is the JCPDS
01-085-1329 (Bi), JCPDS 00-045-1344 (Bi2O3) and JCPDS 00-038-1479 (Cr2O3).

From the XRD analysis, the sputter target used in the ion beam sputtering tech-
nique is made of bismuth, bismuth oxide, Cr2O3 and monoclinic BiCrO3. CrO and
CrO3 were not found; this is expected as these two oxides are not stable [Jain et al.,
2013; Bergerhoff et al., 1983]. CrO tends to decompose around 300 °C into Cr2O3 and
chromium metal, while CrO3 boils and decomposes around ∼250 °C into Cr5O12 and
O2. The sputtering does not modify the target phases; XRD was performed on the sput-
ter target before and after the first sputtering. Although the phases remain unchanged,
the fraction of those phases might be modified as seen in the Figure E.3.5, some XRD
peak intensity are modified. The ion beam sputtering technique sputters ions of bis-
muth, bismuth oxides, and Cr2O3. The as-made thin films seems to have only bismuth.
As explained before (subsection 4.3.2, XRD of BiFeO3 sputtered thin film), this could
be due to the large form factor of bismuth compared to chromium, or the chromium
oxides could be amorphous.

E.3.3 Transmission electron microscopy, TEM

Figures E.3.6 and E.3.7 show the TEM pictures of the as-made and annealed BiCrxOy

films. The white layer is the SiO2 film and the dark layer is the BiCrxOy sputtered film.
The measured film thickness was 123 nm for both as-made and annealed BiCrxOy.
The film does not show clearly-defined nanoparticles, however considerable nanoscale
structures are visible.
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Figure E.3.6: TEM of BiCrxOy as-made. Inset: shows SAED, the red circles are representative
of the presence of bismuth with a d-spacing of 3.28 Å (012) and 2.27 Å (110).

Figure E.3.7: TEM of BiCrxOy annealed at 400 °C. Inset: shows SAED, the green circle is
close to the d-spacing of bismuth oxide, which is 3.25 Å (312).
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The as-made film shows some nanostructure features; a darker contrast means
more electrons are present. The contrast in the TEM cross-section could indicate a
more or less uniform film or an amorphous region. The Figure E.3.7 seems to support
the latter option. The cross-section does not identify which elements are in this film.
The SAED inset displays two red rings, with a d-spacing measurement comparable to
bismuth. This would suggest, as previously mentioned, that bismuth is visible in the
material and the chromium oxides are amorphous or the atomic form factor is too low
when compared with Bi.

The BiCrxOy thin film annealed at 400 °C is more uniform than the as-made thin
film, the contrast is limited. The green ring in the SAED inset suggests the presence of
Bi2O3.

E.3.4 Raman spectroscopy
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(a) As-made and annealed 500 °C. (b) Annealed below 600 °C.
Figure E.3.8: Raman spectrum of the BiCrxOy film with annealing at different temperatures,

as-made (red), annealed at 500 °C for 15 min (cyan), 300 °C (green) and 400 °C
(blue). Also shown, the SiO2:Si substrate is in black.

The as-made BiCrxOy thin film Raman spectrum (Figure E.3.8 (a)) shows a bis-
muth peak at about ∼95 cm−1 and ∼186 cm−1. Similar Bi peaks were seen in the Ra-
man spectra from the BiFeO3 as-made thin film (subsection 4.3.5 Raman spectroscopy).
There is no evidence for BiCrO3 in the Raman data. A small broad feature can be seen in
the 600 cm−1 region. This broad feature may be due to small or amorphous chromium
oxides. There is no evidence for bismuth oxide phases that are seen in the as-made
BiCrxOy film. If there is a small amount of bismuth oxide, then the phase fraction is
small.
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There is no evidence for BiCrO3 in the Raman data for the film annealed at 500 °C
in oxygen (Figure E.3.8 (a)). There is a broad feature ∼300 cm−1 that cannot be at-
tributed to any known BiCrxOy phases. The peak at ∼845 cm−1 is likely to be due to
chromium oxides [Constable et al., 2000].

The Raman data for the thin film annealed at 300 °C is shown in Figure E.3.8 (b).
There is no evidence for BiCrO3 in the Raman data and the Bi peaks have disappeared.
The main feature is ∼845 cm−1 that is likely to be from chromium oxide phases. This
peak is larger in the film annealed at 400 °C is shown in Figure E.3.8 (b). There are
also additional peaks at 335 cm−1 that 8375 cm−1 that may come from chromium oxide
phases or from bismuth oxide phases.
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Figure E.3.9: Raman spectrum of the BiCrxOy film annealed at 700 °C in O2 then in Ar.

Annealing the BiCrxOy thin film in oxygen followed by argon at 700 °C (Fig-
ure E.3.9) leads to additional Raman peaks not seen in the previous Raman data. The
sharper peaks may be due to a range or chromium oxides that include Cr2O3, CrO3,
CrO2and Cr2O5. However, there is no evidence for BiCrO3.

The Raman spectrum of the BiCrO3 sputter target, Figure E.3.10, shows the pres-
ence of bismuth, Cr2O3, CrO2 and CrO3. The Raman spectrum of the BiCrO3 sputter
target has a relatively low-intensity bismuth peak. When comparing the BiCrO3 and
the BiFeO3 sputter target, such a low intensity of bismuth in the Raman spectrum of
the BiCrO3 sputter target is unexpected. The BiFeO3 sputter target displays many bis-
muth peaks, while the BiCrO3 sputter target has a bismuth feature that is barely visible.
This could be explained by two situations. The first option is that the sputter target is
not homogenous. The other situation is less likely and implies that the bismuth is in
an amorphous state. This is less likely because bismuth in the BiFeO3 sputter target
is clearly visible which suggest a structured bismuth phase and both targets are syn-
thesised by a similar technique in the same laboratory. Also, the XRD analysis of the
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BiCrO3 sputter target shows bismuth content. The RBS analysis shows that bismuth
and chromium in similar concentration.
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Figure E.3.10: Raman spectrum of the BiCrO3 sputter target.

No trace of Cr2O5 can be found in the BiCrO3 sputter target and the as-made
thin film, however after annealing above 300 °C, a quantity of nano-Cr2O5is detected
by Raman spectroscopy. Increasing the annealing temperature seems to increase the
quantity of Cr2O5 in the thin films. CrO2, CrO3 and Cr2O3 are found in the sputter
target and the sputtered films. Raman spectroscopy analysis confirms the difficulties
to synthesis BiCrO3 thin film, as the main phases form are chromium oxide includ-
ing the unstable CrO and CrO3, annealing after deposition is not sufficient to form
BiCrO3. Chromium oxide is nanostructured in the thin film as demonstrated with
TEM and Raman spectroscopy. Knowing the phases present in this film, the magnetic
moment measurements will be centred on the study of Cr2O5, CrO3, CrO2 that were
not expected from the RBS analysis and Cr2O3, CrO that were expected from the RBS
analysis.

E.3.5 Magnetic properties

The Figure E.3.11 shows the moment per formula unit for the annealed BiCrxOy film at
5 K after subtracting the diamagnetic background from the substrate. ms is very small,
∼0.02±0.01 µB. The low moment may be due to the presence of an antiferromagnetic
phase (i.e. Cr2O3 with a Néel temperature of 307 K [Alexander et al., 2007]) or a small
fraction of a ferromagnetic chromium oxide phase (i.e. CrO2 with a Curie temperature
of 391 K).

The magnetic data for the as-made thin film is plotted in Figure E.3.12 at 5 K
and 300 K. The saturation moment at 5 K is 0.04 µB/Cr, and the magnetic moment is
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significantly less at 300 K. The low temperature moment at high field is only slightly
greater than that seen after annealing which suggests that the same magnetic phases
are the same before and after annealing. The magnetic moment of both films arises
from the same magnetic phases of chromium oxide.

Figure E.3.11: Magnetic moment per formula unit versus the applied magnetic field at 5 K
for the 400 °C annealed BiCrxOy film.
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Figure E.3.12: As-made BiCrxOy thin film, magnetic moment per Cr. Inset: expand scale near
0 T.

The ZFC-FC, Figure E.3.13, for the as-made film does not show any splitting, so
this sample is not superparamagnetic or the particles sizes are very small to create a
ZFC-FC splitting, equation 2.1.6. There is no evidence for antiferromagnetic Cr2O5 has
a Néel temperature of ∼125 K [Alexander et al., 2007] or antiferromagnetic Cr2O3. This
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may be because their particle sizes are small or that they are present as a low volume
fraction.
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Figure E.3.13: ZFC-FC, as-made BiCrxOy thin film magnetic moment per Cr. At 10 mT, the
ZFC and FC are completely superposed.
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Figure E.3.14: Temperature dependence of the magnetic moment per Cr at 6 T for the as-
made BiCrxOy film. Also, shown in this figure is the Curie-Weiss model with
C0=5.4±0.6, TC=-10±2 K.

The Figure E.3.14 shows the temperature dependence of the magnetic moment
per Cr at 6 T for the as-made film. Also, shown in this figure is the Curie-Weiss
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(equation 2.1.6) model with C0=5.4±0.6 and TC=-10±2 K. A negative Curie-Weiss tem-
perature suggests that there is antiferromagnetic exchange, however no long range
magnetic order. From the equation D.3.1, the effective moment can be written as
Peff=0.86×(C0)1/2, so Peff=2.0±0.2 µB. This effective moment can only come from free
Cr ions that are not magnetically ordered. Peff = g (S (S + 1))1/2 is the theoretical
effective moment. For chromium Cr2+ and Cr3+, S can be respectively SCr2+=2, 1, 0
and SCr3+=3/2, 1/2. So PCr2+

eff =4.9 µB, 2.8 µB, 0 µB and PCr3+

eff = 3.8 µB, 1.7 µB. The high
measured effective moment suggests that a considerable fraction of the Cr magnetic
ions is not magnetically ordered.
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Figure E.3.15: Magnetic moment per Cr for the film annealed at 700 °C in oxygen. The inset
shows that same data over a smaller magnetic field range.

The field loop at 300 K of the sample annealed at 700 °C in oxygen, Figure E.3.15,
is similar to the as-made film and with similar magnetic moments at high fields. This
suggests that the magnetic behaviour is due to the same magnetic phases. The ZFC-FC
data plotted in Figure E.3.16 are also similar and indicate the absence of a blocking
temperature in the measured temperature range.

The Figure E.3.17 shows the field loop of the film annealed at 700 °C in oxygen,
then Argon. The inset shows a hysteresis that could be associated with a ferromag-
netic material. The thin film annealed at 700 °C in oxygen followed by argon dis-
plays different magnetic behaviour compared to the film annealed at 700 °C only in
the oxygen atmosphere. The magnetic moment is greatly enhanced: the value goes
from about ∼0.01 µB/Cr at 300 K with oxygen annealing only, to a magnetic moment
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of ∼0.16 µB/Cr after the second annealing. At low temperature, the magnetic moment
goes from ∼0.05 µB/Cr before the second annealing to 0.35 µB/Cr after the second
annealing. The low-temperature moment is difficult to compare, as both samples an-
nealed at 700 °C do not seem to reach saturation. They both show paramagnetic be-
haviour. In a low applied magnetic field (less than 0.4 T), the sample annealed only
in oxygen does not display a clear hysteresis loop. However, after annealing in argon
both the ambient temperature and the low temperature field loop displays an identi-
cal hysteresis loop, consistent with a ferromagnetic phase [McElfresh, 1994]. From the
XRD and Raman analysis, CrO2 is the only ferromagnetic phase present in the thin
film. CrO2 has a reported magnetic saturation moment of 1.85 µB/Cr [Srivastava et al.,
2008]. In the first analysis, the saturated magnetic moment at 300 K is ∼0.17 µB/Cr,
which means that CrO2 is present at less than 10% of the magnetic ordering, assuming
no other magnetic phases are in the film.
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Figure E.3.16: ZFC-FC of the film annealed at 700 °C in oxygen.

The 5 K field loop shown in Figure E.3.17 does not saturate and continues to in-
crease in a nearly linear fashion. This may suggest the presence of an antiferromagnetic
phase and as shown later there is also some paramagnetic phases from the unordered
Cr moments.

The ZFC-FC curves for the film annealed at 700 °C in O2, then Ar (Figure E.3.18)
shows a hysteresis between the ZFC and FC curves, which was not seen when the film
was only annealing in oxygen (Figure E.3.16). The ZFC-FC (Figure E.3.18) displays po-
tentially 4 transitions. The first transition is the splitting around ∼270 K. The second
transition is around ∼225 K where the ZFC curve is bending. The third potential tran-
sition is around 100 K; this transition has a small effect on the FC curve, as the linearity
of the curve between 340 K and 100 K does not continue below 100 K. The FC seems in-
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dependent of temperature below 100 K. This transition could arise from spin-disorder
[Martinez et al., 1998]. The last transition is around ∼22 K, in the ZFC. These transitions
have a square shape, a succession of straight lines with little noise. The fact that these
transitions are abrupt could be linked to the magnetic domain size. The blocking tem-
perature is dependent on the particles’ volume (equation 2.1.6). From the anisotropy
value of the different chromium oxides, a blocking temperature of ∼22 K implies a
particle size of about 5±2 nm. A blocking temperature up to 250 K would mean, for
chromium oxide, a nanoparticle of about 10±3 nm. This method of particle size esti-
mation is carried out on the CrO2, with an anisotropy constant of 2.3×104 J.m−3 [Cheng
et al., 2002]. According to the magnetic data, CrO2 is the main magnetic contributor,
and the other chromium oxides should have a similar size. The size distribution could
explain the ZFC transition at 270 K and 22 K. The particle sizes estimated using the
blocking temperature are similar to the values calculated with the Sheerer equation in
the XRD analysis, about 5±3 nm.
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Figure E.3.17: Field loop of the film annealed at 700 °C in O2, then Ar. The inset shows a
hysteresis that could be associated with a ferromagnetic phase.

Figure E.3.19 shows the temperature dependence of the film annealed at 700 °C
in O2, then Ar. Also, shown in this figure is the Curie-Weiss model with C0=3.9±0.5
and TC= -13±3 K. A negative Curie temperature indicates antiferromagnetic interac-
tions. The Curie-Weiss temperature after annealing at 700 °C in O2 and Ar is close
the Curie temperature of the as-made film. The effective moment is also similar, from
C0=3.9±0.5 and equation D.3.1, Peff=1.7±0.2 µB while the as-made film effective mo-
ment is 2±0.2 µB. The annealed sample has an effective moment close to the Cr3+, in
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Figure E.3.18: ZFC-FC of the film annealed at 700 °C in O2, then Ar. The ZFC and FC seem
to merge around 280 K.

the low spin configuration. This results shows the limited effect annealing had, nanos-
tructured is different, however the magnetic phases are similar in every film regardless
of the annealing conditions.
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Figure E.3.19: Temperature dependence of the film annealed at 700 °C in O2, then Ar.
Also, shown in this figure is the Curie-Weiss model with C0= 3.9±0.5 and
TC= −13±3 K.
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E.4 Conclusion

In conclusion, BiCrxOy thin films have been made by ion beam sputtering at ambi-
ent temperature and then annealing in an oxygen atmosphere at temperatures up to
700 °C. One sample was subsequently annealed in an argon atmosphere. The as-made
thin film contained bismuth nanoparticles with an average diameter of 16±0.3 nm.
Annealing the sample in an oxygen atmosphere leads to BiCrxOy with chromium ox-
ides and bismuth oxide phases. There was no evidence for the formation of BiCrO3.
Annealing the BiCrxOy film at and below 700 °C did not lead to a significant enhance-
ment of the saturation moment per Cr. The high field moment was small and could
be due to a small ferromagnetic CrO2 fraction or from a fraction of antiferromagnetic
chromium oxide phases. The effective moment for the as-made film was large and in-
dicates that there is a significant fraction of Cr moment that did not magnetically order.
The Curie-Weiss temperature is negative and shows that there is antiferromagnetic ex-
change between the Cr moments without long range magnetic order.

Annealing the thin film at 700 °C in an oxygen atmosphere followed by argon an-
nealing leads to a large enhancement of the magnetic moment and hysteresis is evident
in the magnetic field loops. There is also hysteresis in the ZFC-FC data taken at 10 mT.
This hysteresis is likely to be due to a fraction of ferromagnetic CrO2 that has a Curie
temperature of 391 K. The effective moment per Cr and the Curie-Weiss temperatures
are the same within errors as those measured in the as-made film and suggests that a
similar fraction of Cr moments have not magnetically ordered.

To summarise, ion beam sputtering followed by annealing is a process that can
be used to create nanostructured BiCrxOy that contains chromium oxides and bismuth
oxides. There is not enough evidence to support the formation of a pure BiCrO3 film. In
an attempt to investigate a different synthesis method, the annealing temperature was
increased up to 700 °C in oxygen followed by argon. There was no evidence for BiCrO3

after this process although the magnetic properties did change. Sputtering on heated
substrates or perhaps investigate a different method such as pulsed laser deposition, in
future work, would be useful to optimise the synthesis technique and potentially form
BiCrO3 nanoparticles. A piezoelectric measurement would also be useful to undertake
to analyse the phase fraction of BiCrO3 in these films. Piezoelectric measurement can
confirm the potential for MeRAM device.

In future work, to study BiCrO3: structural, magnetic and electric properties, the
synthesis of BiCrO3 and the optimisation of the synthesis conditions is required. The
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other millstone of BiCrO3 would be to experimentally confirm the multiferroic proper-
ties.

To study the structural and composition of BiCrO3 thin film, the synthesis tech-
nique requires further investigation. From the research presented, ion beam sputtering
with the current condition of annealing, annealing furnace oven at temperature up to
700 °C, does not form the stoichiometric film. Other synthesis technique should be
investigated. Although in the spirit of optimising the current technique, annealing at
higher temperature and higher pressure should be investigated as those conditions
were reported in the literature for chemical synthesis. This might remove some of the
impurities through evaporation or provide mobility to the deposited ions to form a
crystal. To improve knowledge of the film synthesis, a comparison between a sput-
tered a chromium oxide film and the BiCrxOy films would be interesting to analyse.

As BiCrO3 research for multiferroic properties continue and in order to confirm
the multiferroic properties of BiCrO3, a detailed analysis of the piezoelectric response
is needed.
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De Faria, D., Venâncio Silva, S., and De Oliveira, M. (1997). Raman microspectroscopy
of some iron oxides and oxyhydroxides. Journal of Raman spectroscopy, 28(11):873–
878.
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Kézsmárki, I., Kida, N., Murakawa, H., Bordács, S., Onose, Y., and Tokura, Y. (2011).
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