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Abstract

Since bismuth ferrite-based perovskites display magnetic ordering as well
as ferroelectric behaviour, they have been widely researched due to the possibil-
ity to fabricate multiferroic devices. This thesis is focused on investigating struc-
tures formed in bismuth ferrite (BFO) as a consequence of Ti doping using atomic
resolution transmission electron microscopy (TEM). This is performed both using
the negative spherical aberration (NCSI) imaging technique in TEM and scanning
transmission electron microscopy (STEM) with simultaneous dark and bright field

imaging.

A quantitative study was made of the difference between high resolution
TEM (HRTEM) and high resolution STEM (HRSTEM) for quantitative polarisation
mapping around antiphase boundaries (APBs) is observed and reported. Although
similar trends in the structures are found in the two techniques, quantitative differ-
ences are noted. For HRTEM, using NCSI gives 60% lower polarisation values in
comparison to HRSTEM in the case studied here. It is shown that the sample tilt
has no influence on the polarisation measurements in this case as the direction of the
sample tilt in our case is perpendicular to the direction of polarisation. It is shown
that the ultra-thin sample used in HRTEM had a reduced polarisation due to the ef-
fects of surfaces, but that also the polarisation was underestimated from the images
due to one oxygen column appearing in the images at a position slightly displaced

from its real position due to the effects of electron channeling in the material. For

xxiil



the case of HRSTEM, it was found that the polarisation was overestimated due to
a similar effect, where an oxygen atom image is slightly displaced from the column
position in the opposite direction at this specific sample thickness. Thus, it is clear
that the use of simulations is essential to any atomic resolution quantification of

polarisation by either technique.

In addition to this, , the structure and chemistry of the crosses and cor-
ners on APBs were determined using a combination of high angle annular dark
field (HAADF) combined with electron energy loss spectroscopy spectrum imaging
(EELS-SI) in STEM. The 3D structures of the APB cross structure were fully deter-
mined and these were verified by multislice frozen phonon image simulations. It was
suggested on the basis of the structure of some of the edge-sharing octahedral struc-
tural units in this cross that they would support a permanent magnetic ordering,
since their structure was similar to that of maghemite. In analysing this structure,
the advantages of non-rigid registration (alignment of a sequence of short exposure
images as well as removing local distortions in each image prior to summation) for
removing line noise distortions from STEM images are investigated quantitatively.
Two APB corners were also investigated using NCSI HRTEM and HRSTEM. Whilst
some details of each structure were impossible to determine unambiguously, most
parts of these APB corners have structural units similar to those in steps and in the
APB cross. It should also be noted that the two APB corners show some detailed
differences in structure suggesting that there is a range of possible structures on
such antiphase boundaries, but all constructed from a limited number of structural

units.
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Chapter 1

Introduction

A material that displays a combination of, at least, two single ferroic prop-
erties simultaneously is described as a multiferroic substance (see section 1.1). Huge
attention has been paid to these (multiferroics) materials, not only for their signifi-
cant applications such as magnetoelectric devices, which can be displayed both elec-
trically and magnetically [1]. Over the past two decades, the possibility of creating
feasible room temperature multiferroic devices has generated considerable interest
in bismuth ferrite[1, 2]. One of the fascinating aspects of bismuth ferrite (BFO)
is the coexistence between ferroelectric and magnetization orders. This coupling is
known as the magnetoelectric effect (ME), where the ferroelectric behaviour can be
controlled by a magnetic field and vice versa. This could be used for the improve-
ment of new devices in various aspects. BFO, therefore, is a potential candidate for
creating non-volatile information storage devices including magnetic random access
memories (MRAMSs), ferroelectric random access memories [3, 4], and spintronic ap-
plications such as spin-valve structures wherein the spins can be manipulated by an
electric field [5, 6]. But not all multiferroics display strong, efficient ME effects that
could be a feasible candidate or fit for these applications. This is because, as some

researchers [7, 8] have shown that most of them could be anti-ferromagnetic or weak



ferromagnetic materials, where they display enough high and low Néel temperatures
that limit their uses in such applications. Concerning the weak ferromagnet mate-
rials, this could be originated from either anisotropic super exchange interactions
(these materials roughly record high Néel temperature degrees) or from single spin
anisotropy energy (these kinds of materials normally display low Néel temperature
scales) [7]. Concerning the BiFeOs-based perovskite structure, BFO has a Curie
temperature (temperature at which material switches from ferroelectric to paraelec-
tric) of 830 C and a Néel temperature (temperature at which material switches from
paramagnetic to antiferromagnetic) of 370 C [1] in which both are within the range
that device designers prefer. Since large numbers of ferroelectric materials have a
structure similar to the mineral perovskite (BaTiOgz), they have the general per-
ovskite formula ABOj3z and the prototype structure is cubic with space group R3c.
The ideal perovskite structure with a cubic unit cell consists of a cation on cell
corners (the A-site) and a different cation, commonly a transition metal, on body
centres (the B-site cation), which is coordinated by six O atoms (on face centres) in
an octahedron as shown in figure 1:1. The perovskite-structure also can be viewed
as a three dimensional (3D) network of corner shared BOg octahedra and the A-site

coordinated by 120 atoms as shown in figure 1:2

Regarding the source of the ferroelectricity, it is not quite the same as that
of the antiferromagnetism. The source of the ferroelectricity is due to a structural
distortion caused by the lone pair of (6S) of the A-site (Bi). The lone 6s pair
distorts the charge cloud and sits to one side. So, the nucleus is off centre with
respect to the outer valence electrons, and thus the atomic core will prefer to sit off-
centre in any atomic site. This off-centre ordering is easy to order via electrostatic
effects giving spontaneous polarisation. From this perspective, we may have the
possibility to control the ferroelectricity and magnetism behaviour independently

by substituting A and/or B-site atoms. However, one big issue with this material



Figure 1.1: The unit cell of a simple cubic perovskite, with the composition ABO3, where red is

used for O atoms, magenta for A-sites, and orange-yellow for B-sites.

Figure 1.2: A 3D corner shared network of FeOg octahedra, red is used for O atoms, magenta for

A-sites, and orange-yellow for B-sites.



is its high electrical conductivity due to the O vacancy hopping, which limits their
applications [9]. Recently, however, the aforementioned problem has been solved by
a process of doping, where BFO is co-doped by a certain amount of Nd and Ti [10].
The main aim of this thesis is an intensified analysis of BFO-based ceramic co-doped
with both Nd and Ti. The results will be discussed in more details in chapters 4, and
5. It is organized as follows: The first chapter contains the definition of multiferroics,
ferroelectrics, ferromagnetism, as well as the basic physical knowledge of BFO-based
ceramics and the current stage of BFO are discussed. In chapter 2, a general review
both of transmission electron microscopy (TEM) and scanning transmission electron
microscopy (STEM) are presented. In chapter 3, data analysis is described as used
in chapters 4 and 5. Chapter 4 focuses mainly on the differences between high
resolution transmission electron microscopy (HRTEM) and scanning transmission
electron microscopy (HRSTEM) for the analysis of polar ordering in BFO samples
with different thicknesses. Then, the expected causes behind the results are modeled
and visualized in order to interpret them sensibly. In chapter 5, novel junction of
antiphase boundaries in BFO are investigated at atomic resolution together with
elemental maps. Final chapter (6) contains the summarized conclusions and future

work is recommended.

In the following sections we will begin with the concept of multiferroics.
As both ferroelectricity and ferromagnetism are physical properties of BFO, they
will be discussed. The general properties of BFO are also discussed, as well as the

motivation of the current research on BFO-based ceramic co-doped with Nd and Ti.

1.1 Multiferroics concept

Multiferroics, which is a term defined by H. Schmid [11], refers to ma-

terials in which there is a coupling between the different types of ferroic ordering



such as ferroelectricity, ferromagnetism, ferroelasticity and ferrotoroidicity. Since
the two orders are simultaneously presented, by changing the direction or even the
magnitude of an applied field, may affect more than one of the ferroic orders presen-
tation. For example, switching the magnetization direction in multiferroic materials
by applying enough magnetic field may change polarisation and vice versa, as shown
in figure 1:3. These coupled effects, which only occur in simultaneously ferromag-
netic and ferroelectric materials, are known as magnetoelectric (ME) effects. They
are, therefore, those specific materials, which exhibit magnetism and ferroelectric-
ity properties simultaneously within one phase, that are planned to be exploited to

generate new multifunctional devices.

Ferroelectric ===

Magnetic —

Multiferroic =

Figure 1.3: A schematic diagram showing Multiferroic materials that combine the ferroelectric and
magnetism properties. ldeally, the magnetization of a ferromagnet in a magnetic eld displays the
usual hysteresis loop (pink), and ferroelectrics have a similar response to an electric eld (blue).
The multiferroics can be created that are simultaneously ferromagnetic and ferroelectric (green),

which is a magnetic response to an electric eld, or, vice versa.

[12]



1.2 Ferroelectric state

1.2.1 Curie-temperature and phase transitions dependent

in ferroelectrics

Ferroelectric materials show a spontaneous electrical polarisation (the atomic
dipole moments) in a particular direction even in the absence of an external field.
This spontaneous direction can be switched by an external electric field. These ma-
terials experience a phase transition at specific temperature called the Curie point
(Tc) from a ferroelectric phase to a paraelectric phase, and vice versa. That is, the
ferroelectric state exists when T<T¢ while T>T¢ the material is paraelectric. The
behavior of the dielectric constant above the Curie point can be described by the

Curie-Weiss relation as:

C
= o+ﬁ (1.1)

where , o, C, and T¢ are the permittivity of the material, the permittivity of vac-
uum, the Curie constant and the Curie temperature, respectively. One well known
structure that undergoes several phase transitions is barium titanate (BaTiO3) as
shown in figure 1:4, which has been adapted from [13]. For decades, BaTiOgz, which
is a ferroelectric material, has been widely utilised in device applications [14, 15].
BaTiOj3 like PbTiOg is well known for having strong strain effects reported in tetrag-
onal ferroelectrics [5, 16]. Zhan et al: [17] have reported that the polarization for
BaTiO3 is about 15UC/cm?. It is noteworthy that this value is much lower than the
one for single-crystal BaTiOsz of about 26uC/cm? [18]. This polarisation manifests
without an applied field and is hence known as spontaneous polarisation. In the
ideal case, the system is ideal perovskite structure with a cubic unit cell. How-

ever, when the system is further cooled down and undergone phase change leads



to ferroelectric behaviour, the resulting tetragonal structure with an accompanying
movement of the Ti atoms inside the Og that elongated in c-axis with aéc. Upon
further cooling, a further phase transition occurs to a ferroelectric orthorhombic
structure with a&b6&c. Upon cooling the system further, the result is a ferroelectric

structure with 6 &

Polarisation in perovskites is usually calculated with the aid of Born-
effective charges (which differ from formal ionic charges that would apply to isolated
ions), where the movement of each atom is considered in terms of its effects on the
whole lattice [19]. Therefore, the polarisation can be calculated from the movements

of the atoms with respect to the ideal atomic position, given as [20]:

X
P = gi (1.2)

where g refers to the Born effective charge for the i-th ion and d; is its displacement

with respect to the ideal atomic position in an unpolarised structure.

Rhombohedral system ( Orthorhombic system Tetragonal system ) ( Cubic system
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Figure 1.4: A schematic diagram of relative permittivity of BaTiO3 changes with the temperature
displaying various phase transitions. When the ideal cubic system is cooled, the resulting structures

are tetragonal, orthorhombic, and rhombohedral systems, respectively.



1.2.2 Domain formation in Ferroelectric structures

Spontaneous polarisation in ferroelectrics results in to a state where all
electric dipoles are uniformly aligned in a certain region even without an applied
field. The alignment direction will be a specific crystal direction (for instance [001]
in a tetragonal ferroelectric). These electric polarisations are oriented uniformly
in regions called domains. However, to minimise both stray electric fields at the
sample edges, and anisotropic strain of the sample from the shape change of the
cell on changing from a paraelectric to a ferroelectric state, domains are formed
with different orientations of the polarisation axis [21]. For example, 90 domains
are commonly formed in tetragonal ferroelectrics as shown in figure 1:5. The mi-
croscopic electric dipoles in neighboring domains are aligned in different directions.
The interface between two domains is known as a domain wall. If an external field
is applied, the favorably oriented domains grow while others shrink and thus the
domain walls move, allowing polarisation to be reoriented in response to field. This
process also converts some electrical energy into heat. Co-operative domain move-
ment is needed to align the polarisation of the sample to the applied field until it
reaches saturation when all domains are as favourably aligned to the field as possi-
ble. By reversing the applied field, the domain wall can be moved reversibly, but the
polarisation cannot be removed entirely. The field that is needed to diminish the
total polarisation of the entire material to zero is known as the coercive field. With
continual decrease in the external field in the negative direction, the electric dipoles
in the material will again become saturated but in the opposite direction. This in-
teresting characteristic of the ferroelectric materials is known as domain switching,

whereby the polarisation state can be switched by applying enough external field.

As mentioned above, ferroelectrics possess a spontaneous alignment of

atomic dipole moments even with no applied electric field (E=0). The direction of



Figure 1.5: A schematic diagram of 90 domain structures, as seen in simple tetragonal ferro-
electrics like BaTiO3 and Ti-rich Pb(Zr, Ti)O3. Spontaneous polarisation directions of the domains

are shown by arrows.

the permanent atomic dipole moments can be reversed by an applied electric field
(figure 1:5) but the polarisation shows a hysteretic behaviour as shown in figure
1:6. At first, the polarisation increases linearly when the amount of the electric
field is small, where (+) means the positive direction of the polarisation axis. As
the applied field is increased, the dipoles orient towards the same direction of the
applied field. When dipoles align completely to the same direction of the applied
field, they show no further change. This state is referred to as saturated state (Psg).

By decreasing the applied field, the polarisation does not hit zero value. However,



+P(uC/cm?)
+Ps

'+Pf

-E(V) +E(V)

Figure 1.6: A schematic diagram of ferroelectric hysteresis loop (Polarisation (P) vs. Electric eld

B).[22]

if the applied field records zero value, a noticeable amount of the dipoles keep their
positive direction and display a remnant polarisation. The appropriate field needed
to degrade the polarisation to attain its minimum value (P=0) is called the coercive
field (Ec ). If the applied field is decreased more, the direction of the polarisation
will be flipped to the opposite direction and hence the same behaviour can be been

observed.
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1.2.3 Ferroelectricity in perovskite structures

The ferroelectric material system considered in this work is bismuth ferrite
(BFO), which has a perovskite crystal structure. The perovskite structure and

physical properties of BFO will be described in the following section.

1.2.3.1 BiFeOj; basic structure (Perovskite)

It has mentioned in the introduction, at high temperature BFO-based
structure is cubic paraelectric while at low temperature is rhombohedral ferroelec-
tric structure with R3c symmetry. It is the A site, atomic movement relative to
the ideal position, in BiFeOj system, which brings about all the structural varia-
tions mentioned above [23], as shown in figure 1:7. The polarisation again can be
calculated from equation 1.2 considering A-site atomic positions fixed and hence
calculating any significant shifts of the rest of the atom columns with respect to
the fixed A site columns. This is done by utilising the Born effective charges as
mentioned in section 1.2.1. The Born effective charges covered for Zgi, Zre, Zok,
and Zo». Zok and Zo~ refer to the O ions (see section 4.2.2), which are parallel and

perpendicular, respectively to the electric polarisation as shown in figure 4.15 [24].

One of the features of the perovskite structures is to that its precise sym-
metry can be tuned depending on the atoms on the A and B sites. The distortion
from cubic depends on the size of the A and B site atoms in the perovskite through

the Goldschmidt tolerance factor:

t= p_rAi (1.3)
2(rg + ro)

where ra, g, 1o are the radii of A-site, B-site and O-site, respectively [26]. The

ideal cubic perovskite should have t=1 (which is just a result from simple geometry).

11



O-site

B-site

A-site

Figure 1.7: A schematic drawing of the BiFeOs crystal structure where the direction of the ferro-
electric polarisation by an arrow is shown in the gure [25]. The motion of the A-site is shown by

red arrow. Red is used for O atoms, magenta for A-sites, and orange-yellow for B-sites.

The stability of different variants of the perovskite structure is directly related to
the tolerance factor which lies between t=0.75 and t=1.05 for most perovskites.
For very small tolerance factors the A-site atom is too small or the B-site atom

is too large to allow the perovskite structure to form. Moreover, the perovskite

12



structure stability is affected by the ratios between ionic radii ra/rg, and rg/rg too
[26]. In this case, when the t(BiFeO3)=0.96, the transition has modified from polar
to antipolar behaviour resulting in the stabilisation of a rhombohedral ferroelectric
structure [27]. Substituting something else smaller than Bi onto the A site reduces

the average A-site radius and thus reduces t. This is shown in the following section.

1.2.3.2 Antiferroelectricity and antiferroelectric structures.

In contrast to the description above, not all off-centre atomic displacements
lead to ferroelectricity in the perovskite structures. For example, the lead zirconate
structure (PbZrO3 commonly denoted as PZ) distorts from a centrosymmetric cubic
structure at high temperature to an orthorhombic structure at room temperature,
which is antiferroelectric when PZ is cooled below the Curie temperature this is
shown in figure 1:8. As stated above, similar transition happens for BiFeO3z when
the A-site lattice is substituted with various rare-earth (RE3*) elements [27, 28,
20]. These RE** dopants are smaller than Bi** but isovalent, which reduces the
tolerance factor, t, and promotes the AFE transition. The transition to an AFE
phase occurs in the range at 15% RE  25% for Nd [27, 10], and for Sm at x =
14% [29]. The resulting AFE phase is similar in structure to PbZrOg, but the c-axis
is 4 ap for RE doped BiFeOg3 rather than 2 a, in PbZrO3. The reason for this extra

large c-axis is hitherto unclear.
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Figure 1.8: A schematic diagram of the perovskite unit cell of PbZrO3; which displays the behaviour
of the crystal distortion due to the shifting Pb ions, Pb ions are marked in red, Zr ions in yellow,
and O ions in cyan. The unit cell splits into two halves with Pb ions shifted in opposite directions
resulted in formation of the polarisation trends that denoted by arrows up and down in each half

of the cell [30].

1.3 Ferromagnetism

Ferromagnets (ferromagnetic materials) display a well oriented magnetic-
dipole moment even when no external magnetic field (H) is presented. In contrast
antiferromagnets have zero magnetic moment due to an anti-parallel alignment of
their magnetic dipole moments. A ferromagnetic undergos a phase transition at
temperature called Curie temperature Tc. Above the Curie Temperature the para-
magnetic phase has no net magnetic moment and as temperature goes below the
former the ferromagnetic phase is incurred with spontaneous magnetic polarisation.
The susceptibility behavior, , of a magnetic material is governed by the Curie-Weiss

law:

C
= (1.4)

Magnetic materials can display several types of magnetic ordering such as

14



(a) \//\ (b) ’ N ‘ N
\ 7N A P
s~/ \ BN
~N—/—~ |l Pt

| : ; LR
L \M MI

Antiferromagnetic Ferrimagnetic

Figure 1.9: Ordering possibility of the magnetic dipoles in the magnetic materials:(a) Paramag-

netic; (b) Ferromagnetic; (c) Antiferromagnetic; (d) Ferrimagnetic.[8]

paramagnetic, (anti) ferromagnetic, and ferromagnetic ordering as shown in figure
1:9. Ferromagnetism prevails when all the magnetic dipoles line up in the same di-
rection, while antiferromagnetic appears when the dipoles align anti-parallel. Para-
magnetism corresponds to the fact when there is no net dipole moments due to
random alignment. Ferrimagnetics show the similar tendency as in antiferromag-
netics but with some dipoles moments in one direction being smaller than the others

in opposite direction.

1.3.1 Hysteresis in magnets

Similar to the ferroelectric hysteresis-loop in figure 1:6, ferromagnetic ma-
terial has the spontaneous magnetization without applied magnetic field (H=0).
When the magnetic field is applied, the majority of dipole moments align to the
direction of the applied field, resulting in a net magnetization (M). Keep increasing
the applied field, the magnetization will reach the saturation (Ms) stage where the
saturation value remains unchanged. If the field is then reduced to zero there exists

some dipoles which keep their alignment and therefore material possesses magne-
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tization known as remnant magnetization. The magnetic applied field required to
reduce the magnetization to its minimum value (M=0) is called the coercive field
(Hc). Keep reducing the applied field, which is increasing in the negative direction,
the magnetization direction will be reversed and hence the reversible magnetization

occurs as shown previously in ferroelectric hysteresis loop in section 1.2.2.

1.3.2 Magnetic ordering in perovskites

The fundamental thought that crystal structures could simultaneously be
ferromagnetic and ferroelectric was first proposed by Pierre Curie in the nineteenth
century [31]. Curie considered that Ni could be exploited to discover the magneto-
electric properties, but this did not work and has now shown to be impossible. Later,
chromium(III) oxide (CrpO3) attracted great interest and was found to have para-
electric (PE) and antiferromagnetic (AFM) behaviour, a combination that makes
microelectronics applications impractical [1]. Boracites had also been studied for
quite a number of years but only show magnetoelectricity at low temperatures [32].
The manganese oxides of general formula RE; xMyMnO3 (RE, and M = Ca, Sr, and
Ba), similar to the cubic perovskite structures, have astounding structural, mag-
netic and transport properties impelled by the interfere valence Mn3* and Mn**.
Lanthanum calcium manganite (La, Ca)MnOz (LCMO) and lanthanum strontium
manganite (La, Sr)MnO3; (LSMO) are some of the most studied ferromagnetic per-
ovskites [33, 34, 35, 36, 37, 38]. LCMO is an antiferromagnetic (AF) insulator at
low and high x values while with x % it is a metallic ferromagnetic (FM) [36, 37].
On the other hand, lanthanum strontium manganite (La, Sr)MnOj displays a fer-
romagnetic (FM) behaviour with a range of different structures such as monoclinic

or orthorhombic/rhombohedral [38].

It was BFO which provided a break through and was considered an aus-

picious candidate for device applications. The magnetic spin configuration in BFO
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was confirmed to be a G-type antiferromagnetic in which each the Fe3* ions situated
in the [111]pe direction is surrounded by anti-parallel magnetic moments of Fe* ions
with the (001)pex plane as shown in figure 1:10. Nevertheless, this magnetic struc-
ture was modified to cover the long-range cycloidal spiral in the [110]hex with a
long wavelength period of 62nm within a (110) spin rotation plane in the hexagonal
setting of the system [39, 40]. Doping to A- and B-site as a solution to the prob-
lem could not become a success but yet BFO is still considered a structure that is
suitable for magnetoelectric devices. This is because pure BFO displays ferroelec-
tric [41] and antiferromagnetic [42]) behaviour simultaneously at room temperature.
Chemical modifications of BFO structure have continuously been exploited to get

fruitful results and this will be discussed in section 1.4.

(1111,
[001]hex

Figure 1.10: A schematic diagram of G-type AFM structure where the direction of the magnetic
orderings is shown by arrows. The polarisation axis of Fe (B-site) cations is along [111],. and

[110]hex directions. Red is used for O atoms, magenta for A-sites, and orange-yellow for B-sites.
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1.3.3 Magnetoelectric coupling

Coupling between the two phases (ferroelectricity and ferromagnetism)
however may not always lead to exhibit ME effects [43]. Sometimes the ME cou-
pling is too weak to be exploited for applications [8]. Unluckily, there are few
magnetoelectric multiferroics that exhibit strong ME effects at room temperature.
This happens because ferroelectricity requires unfilled d-shell to permit hopping of
electrons from the oxygen 2p-shell, which is supposed to be filled [44]. In contrast,
ferromagnetism requires a partially filled d-shell in order to display the magnetic
ordering [44]. As a result, the coupling between two the phases ends up being com-
pletely incompatible [45, 46]. Unlike the ferroelectricity source in BFO structure as
mentioned in the introduction [47], the weak-ferromagnetism arises from the asym-
metric super-exchange including spin-orbital coupling between two adjacent (B-site)
cations through the non-magnetic anions such as oxygen (Fe —O —Fe) [7]. There-
fore, much effort has been done in order to enhance the coupling between those
orderings by modifying the (A-site) Bi or (B-site) Fe atoms of BFO. This includes

substitution of A and B- sites with various transition metals [44, 48, 49, 7, 50].

Mathematically, it has been demonstrated that ME effects can be evalu-

ated through expansion of free energy, in a given direction i, in terms of polarisation

(P?) [51].

@F m o 1
Pi(E;R) = 0E;, PS5 +"o"iEj + ijHj + 5 ijikHjHk + ijxHiE; 0 (1.5)
1

and the spontaneous magnetization (M?) in the direction (i) can be as:

oF 1
Mi(E;H) = oH; MP+ o jHj+ §Ei+ ikEiHj + 3 ijikEjEx 1 (1.6)
1
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where E, and H, ", are the electric field, magnetic field, the electric and magnetic
susceptibilities, respectively. The polarisation induction by a magnetic field or the
magnetization by an electric field for the linear ME effect identified by tensor ~,

while ~ and correspond to the high order ME effects.

1.4 A review of structural studies of BiFeO3; and

its derivatives

BFO has been investigated both for use in ferroelectric compositions as
well as for multiferroic applications. Good reviews of this material are presented by
[1]. One of the unique features of BiFeOgs is the way its structure is so sensitive to
strain and doping. For example, Wang et al: [52] have shown for the first time that
epitaxial thin films can display a large amount of polarisation at room temperature,
approximately 10 times more than the bulk structure. At first, it was thought
that this anomalous polarisation occurrs only in the thin films and it results from a
secondary phase but Lebeugle et al: [53] have reported that such a large polarisation
can also be observed in a single crystal of BFO and is an intrinsic characteristic of
BFO. Compressive strain can also produce such a large polarisation that arises from
transformation of cubic-based perovskite to tetragonal-distorted perovskite with ¢/a
in the range 1.24 to 1.26 [54]. This is the so-called T-phase, which has been found
in epitaxial thin films grown on LaAlO3 [54, 55]. Rossell et al: [56] found a T-phase
with ¢/a= 1.27 for a 60nm BFO thin film. For BFO epitaxial thin film grown on
SrRuO3/SrTiO3, H. J. Lee et al: [57] observed changes in the lattice parameters
as well as the displacement Fe atoms associated with the polarization 15nm. In
terms of theoretical calculations, this epitaxial-strain effect has been demonstrated
using density function theory (DFT), where compressive strain initially causes slight

tetragonal distortions before an abrupt change to the supertetragonal T-phase at
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strains more than -4% as shown in figure 1:11 [58].

One interesting feature of BFO, strain gradient field can be used to pro-
vides photostriction and photovoltaic effects, and in BFO thin films these can be
significantly enhanced via ultrafast optical excitation by a significant magnitude in
comparison to static strain gradients [59] . It has also been demonstrated exper-
imentally using scanning probe microscopy that specific polarisation switching in
(001) BFO may enable the realisation of magnetoelectric memories [60]. The local-
ized electric field in BFO resulting from photoinduced charge separation has shown
the anisotropic elastic deformation of the unit cell, which may lead to the ultrafast
control of magnetism through the magnetoelectric coupling which may hence open
a new gate to manipulate mechanic/magnetic characteristics with light [61]. It has
also been shown that tuning the depolarizing field can control the BFO domain walls

precisely and this could open interesting pathways for room temperature multiferroic

systems [62].
strain (%)
-6 -5 -4 -3 -2 -1

.I 3 I | I | T | I | T | I | T
P 1.2
5 2

1.1

1.0[ |

3.65 3.7 3.75 3.8 3.85 3.9

a(A)
Figure 1.11: The corresponding evolution of c/a of the pseudocubic cell as a function of biaxial

strain or substrate lattice parameter. [58]

Since ferroelectricity is an intrinsic property of BFO and related to its
structure, huge investigations have been done through the chemical modifications
such as using different RE elements. To do this, RE elements such as Sm, Gd and

Dy have been exploited as dopants on to A site lattice on BFO thin films [20]. Be-
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sides, RE elements such as La, Nd, Sm and Gd have also been used as dopants on to
A site lattice on BFO thin films [27, 28]. As a result of these investigations, a cubic
perovskite-based structure is distorted to either (FE) rhombohedral or antiferro-
electric (AFE) orthorhombic depending on composition with considerably improved
electro-mechanical and magnetic characteristics. In the AFE phase formed by dop-
ing with Nd or Sm, a PbZrOgz-like structure is observed [27, 63]. However, Karimi
et al: [27] observed that the PbZrOs-like phase in BFO-based ceramics showed ad-
ditional diffraction spots in electron-diffraction (ED). This cell is elongated “oddly”
along the c axis to twice the parameter of the PbZrOj structure and hence resulted
in displaying the cells-parameter to be p§ap 2ap 2 ap  4ap, where ap is the
primitive perovskite-like unit cell parameter. Figure 1:12 shows a phase diagram for
Nd®* substitution to (A-site) Bi®* and sharing the stable region for the PbZrOs-
type structure at the morphotropic phase boundary (MPB) based on x-ray powder
diffraction (XRD), and electron diffraction (ED) [27]. The term “morphotropic”
refers to a phase transitions which results in a change of symmetry, but no signif-
icant change in atomic arrangement, due to changes in composition [64]. Firstly,
these antiphase boundaries are imaged with both scanning transmission electron
microscopy and transmission electron microscopy to investigate how quantitative it
is possible to be about determining polarisation with atomic resolution microscopy.
Secondly, the structure and chemistry of crosses formed by the intersection of two
APBs is determined. Kalantari et al: [9] showed that using Ti** as a donor dopant
on the B-site (Fe) with 15% Nd doped BFO-based ceramic successfully decreased
the leakage current, and eventually resulted in decreasing the conductivity. By in-
creasing the Ti-doping concentration roughly to Ti = 10%, during their works, they
observed that the behavior of the Curie point displays a non-linear dependence on

doping whereas the Néel point varies linearly with doping.

The structures presented in a sample of doped BiFeOsz-based perovskite
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Figure 1.12: Phase diagram for Bi; xNdxFeO3; presented using XRD, DSC, Raman, and TEM
data together [27].

of a composition Big.gsNdg.15Feq-9Tig:1O3 has been studied in detail in several pub-
lications by MacLaren, Reaney and others. Reaney et al: [9, 65] and MacLaren
et al: [66] have showed that co-doping with Nd and Ti can create novel defects:
Nd-rich nanorods. The Nd-rich nanorods are occurred due to the excess of Ti dop-
ing to the B-site lattice resulting in the creation of Nd vacancies. If the Ti doping
level is very high (Ti-doping > 3%), the Ti-cored APBs are created. Additionally,
Ti-rich antiphase boundaries (APBs) are observed in this material. These APBs
are comprised of two main structural units: Flat terraces and steps [67, 68]. This
thesis examines in further detail structures found on such antiphase boundaries in
this Big.gs Ndo:15Feq.9 Tig:1 O3 composition. Firstly, these antiphase boundaries are im-
aged with both scanning transmission electron microscopy and transmission electron
microscopy to investigate how quantitative it is possible to be about determining po-
larisation with atomic resolution microscopy. Secondly, the structure and chemistry

of crosses formed by the intersection of two APBs is determined.
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Chapter 2

Instruments and sample

preparation

2.1 Introduction

This thesis is centred on the atomic resolution (scanning) transmission
electron microscopy of doped BiFeOsz multiferroics. It therefore follows that reso-
lution is a highly significant factor in this study. Since the invention of electron
microscopy in the 1930s, resolution has been one of the most important areas of
development. For several decades the resolution was limited to 100 , where
stands for the wavelength of the electrons, due to spherical and chromatic aberra-
tions. Much effort has been expended by the scientific community in reducing these
aberrations to enhance the the resolution. Specifically, the development of hard-
ware aberration correctors has enabled major steps forward in atomic resolution
electron microscopy [69], including the ability to image oxygen in oxides [70, 71].
Modifying the aberration corrected scanning TEM/STEM instruments equipped
with electron-energy loss (EELS) spectrometers are now capable of mapping the

elemental composition and chemical bonding with atomic resolution. But of equal
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importance is the use of negative spherical aberration (NCSI) in conventional TEM
to improve the contrast of atomic columns of light elements such as O, at high res-
olution [70, 71]. This chapter describes the apparatus and specimen preparation

procedures that have been used in this project.

In order for the research presented in chapters 4 and 5 to be put into
context, it is first necessary to explain the working principles of the microscopes used
in this research. It is also necessary to explain the principles behind the preparation
of the specimens required for this work. This chapter will begin with the background
theory of TEM and STEM instruments as well as a summary of electron sources.
Following this, background information on electromagnetic lenses and their impact
on principal aberrations are addressed. After that, specimens, specimen holders,
and electron detectors are discussed. Various imaging modes for both TEM and
STEM will be covered. Finally, Electron Energy Loss Spectroscopy (EELS) and

spectra discussed.

2.2 The basic principles of transmission electron

microscopy

In order to illustrate the principal components of a conventional transmis-
sion electron microscopy (CTEM), a schematic diagram in figure 2:1 is provided,
which shows the optical layout of the FEI Tecnai T20 used during the current work
at the University of Glasgow. A TEM is comprised by the following: an illumina-
tion system (the electron source, C1, C2 aperture), a magnification system (objective
lens, diffraction lens, intermediate and projector lenses, objective, and selected area
apertures) and finally an image recording system. These will be described in detail
in turn in sections 2.3. Regarding the electron sources, all electron microscopes

require a source of electrons, which is often located at the top of the microscopy.
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Important properties of electron sources are beam brightness, current, energy spread
and high-voltage stability and these are dependent on the electron gun type. In this
section, only the two main types of electron sources are considered: thermionic and

field-emission sources. These will be discussed in Section 2.2.2 below.

' Electron source

C1 Lens

C2 Lens

e ‘ s 2 Aperture

Upper objective lens

|_ Specimen

S —— | P Objective aperture
Lower objective lens
.| ‘ e SAD aperture
Diffraction lens
[
Intermediate lens

Projector lens 1

Projector lens 2

. : SIS camera
-_— /

‘ Viewing screen

P —— GIF enterance aperture
|

Gatan image filter L CCD camera

(GIF)

Figure 2.1: Schematic diagram of the FEI Tecnai T20 TEM illustrating the illumination and
magni cation system, SIS camera and Gatan Image Filter (GIF), which are utilised to generate

energy Itered images and EELS spectra.
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The illumination system is comprised by two condenser lenses (C1 and
C2) and a set of condenser apertures underneath the C2 lens. The purpose of the
C1 lens is to obtain a demagni ed image of the electron source and hence the lens
controls the spot size. The C2 lens controls the illumination mode of the beam and
thus the intensity on viewing screen. Another parameter that a ects the intensity
Is the type of C2 aperture. A small aperture, yields an electron beam with higher

spatial coherence, however it substantially decreases current density.

The magni cation system, which is formed by the objective (imaging),
intermediate and projector lenses (magnifying), of the TEM is also illustrated in
gure 2:1. The objective lens (upper and lower) determines the overall achievable
resolution of the microscopy and is used to control how images are formed by select-
ing a parallel beam or a very ne probe. Objectives with large pole spacings allow a
greater angle of sample tile, but compromise the achievable resolution. In order to
control the image contrast, an objective aperture is set in front of the lower objec-
tive lens as shown in gure 21. Finally, the formed image or di raction pattern is

magni ed by the projector lenses and projected onto the viewing screen or camera.

The main characteristic of CTEM is using a wide beam in which the whole
area of interest is illuminated by a parallel beam and an image is formed by the
objective lens. When the sample is exposed to the electron beam, electrons are often
elastically scattered by the sample, and this can be imaged in a di raction pattern.
Speci c di raction spots can be selected by an objective aperture to form an image.
The imaging system is set so that the scattered electrons are subsequently focused
to form an image or the di raction pattern on the viewing screen. In CTEM there
are two common imaging techniques, bright eld (BF) and dark eld (DF) imaging

and this will be discussed later in section 2.3.
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2.2.1 The Basic Principles of Scanning Transmission Elec-

tron Microscopy

The scanning transmission electron microscopy (STEM) has a similar lay-
out to the CTEM, with some additional features. A schematic diagram for the
STEM is shown in gure 22. The basic STEM is comprised by an electron source,
condenser lenses, and can include an aberration corrector (see section 2.2.3.3), a sys-
tem of projector lens, some detectors, and other potential features such as a camera
system (see section 2.4) spectrometer or an EDX spectrometer. The electron source
that is used is often a eld emission gun in order to reduce both the source size and
more importantly to reduce the energy spread. Depending on the manufacturer, ei-
ther two or three condenser lenses are used in order to control both the illumination
angle and the beam current at the sample. Details on the detectors and imaging,
and spectrometers and spectroscopy in the STEM will be discussed later in this

chapter, in sections 2.3.3 and 2.4.
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Figure 2.2: A schematic diagram of the main components of an aberration-corrected STEM. Start-
ing with an electron gun at the top that ultimately forms a nanoprobe that is focused on the
specimen after a series of aberration correctors. A quadrupole lens module (QLM) is used for
coupling the corrector electron-optically to the objective lenses. A quadrupole-octupole coupling
module (QOCM) is used for optimised coupling of inelastically scattered electrons into the spec-

trometer.

2.2.2 Electron sources

The most common electron sources that are used in electron microscopes

are summarised as follows:

" Thermionic sources most commonly consist of a tungsten or a Lanthanum
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hexaboride (LaB) lament and provide electrons when heated. An example
of this is shown in gure 23. After the electrons leave the source due to the
high applied voltage between the cathode and the anode plates, the trajectory
of the electrons can be controlled and hence modi ed by the \Wehnelt" system.
The \Wehnelt" converges the electrons into a crossover before they enter the
illumination system, as shown in gure 23. However, LaB has typically been
chosen as an electron source instead of a tungsten source because of its lower
work function, but the brightness, which is the current density per unit solid
angle of the electron source, is much higher than in the latter. In fact, work
functions, as,, ranging from |.5,=2.4€V 10  ngsten =4.5€V Will provide

a brightness in the range 5x1BA/m 2sr to 10''A/m 2sr at 100kV [72, 73],
respectively. Thus, a smaller source size gives a better spatial coherency. It is
worth pointing out that the better coherency as well as longer life are other
advantages that a LaB electron source has over a tungsten source [72]. A
LaBgs lament can be heated to an operating temperature of 1700K which is

enough to generate electrons from the surface of the specimen.

A eld-emission source is crucial for the best performance of STEMs in terms
of analysing structures as the result of an increased brightness by a factor of
10° over a LaB; electron source. For STEMSs, the very small emitting area
of the tungsten tip also makes it possible to focus a super- ne electron probe
onto the surface of the specimen [72]. This high brightness and small focused
probe size ultimately enhances the signal-to-noise ratio, image resolution and

improves or enables more detailed data analysis [74].
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Figure 2.3: A schematic diagram of thermionic (LaBs) gun. Once a high voltage is applied between
the cathode and the anode plates, the Wehnelt converges the electrons into a crossover. The

electrons are then controlled and passed into the TEM illumination system [72].

2.2.3 Electron lenses aberrations and corrections

In this section, the geometry of the lenses utilised in microscopes will be

discussed along with their aberrations and methods used to correct them.

2.2.3.1 Electron lens geometry

As has been mentioned in the above sections, both TEM/STEM micro-

scopes utilize many electron lenses in order to shape the trajectory of the electrons.

Then, the electrons are accelerated down the illumination system using an anode.
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In 1927, electrons were successfully de ected and focused using either electrostatic
or electromagnetic lenses [72]. In modern microscopes, electromagnetic lenses are
chosen and are found to be better for electrons, which can be de ected by an ap-
plied magnetic eld. This is due to their low-voltage insulation and also that they
have lower aberrations and better stability than electrostatic lenses [75]. For these

reasons, the electromagnetic lenses will be discussed in more detail.

A magnetic electron lens is usually formed by two major parts: the pole-
pieces and a series of copper coils, which surround the pole-pieces as shown in the
schematic diagram in gure 24. Starting with the pole piece, which is a a cylindri-
cally symmetrical material designed from a soft magnetic substance, commonly iron,
that has a gap formed through it called the bore. Since the bore has a hole, it allows
the electron beam to pass smoothly through it. Most electron lenses are composed
of two pole-pieces (the upper and lower sections) isolated by a gap. The strength of
the magnetic eld is varied in the pole-pieces which in turn controls the trajectory
of the electrons [72]. The heat produced by the current passing through the coils is
often signi cant, and therefore a water cooling system is a very important part of
most lenses. When an electron with a charge (-e) passes through a magnetic eld

(B) it will experience the Lorentz force E), which can be formulated as below:

F= ev B) 2.1)

and its magnitude is:

F = evBsin( ) (2.2)

wherev, B and represent the electron velocity, the magnetic eld strength, and
the angle betweerv and B. The direction of F can be determined from the above

equation (2.1), which is perpendicular toB and v. If =0 , the v component is
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Figure 2.4: A schematic diagram of a pole-piece structure as well as the change in the direction of

rays passing through the lens due to the radial componentB g ) of the magnetic eld.

parallel to B component and therefore no force is experienced by on the electron.
Any perpendicular eld components will produce a force on the electrons, which
will produce a circular motion about the magnetic eld. The subsequent electron
trajectory will depict a helix. The rotational motion interacting with the magnetic
eld will then cause a force towards the axis which will be the cause of focusing the
spiraling beam towards the optic axis. So, the electrons on the optic axis will pass
through the centre and experience no force but electrons o the optic axis will spiral
towards the centre. The reason behind the helical path of the electrons is determined
by both the longitudinal and radial components B and Bg, respectively [72]. The
mayjor e ect on the spatial resolution of microscopes is determined by the spherical
aberration of the lenses, which is caused bygBand this will be discussed later in
more detail. Since the strength of the magnetic eld is essential for controlling the
trajectory of the electrons and the focal length of the lens, it is crucial to assign

a short focal length in order to diminish the spherical aberration. That is, for
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high resolution, it is important to keep the focal length short by means of a very
strong lens current. The reasons for this will be discussed further in the following
sections. Moreover, using an aberration-corrected CTEM with a"8 generation
using multipole lenses such as hexapole or quadrupole-octupole as thec@rector,

the spherical aberrations can also be minimised.

Since the lens is round, as mentioned above, spherical aberration is there-
fore inevitable [76, 77]. Aberrations due to the nature of the lenses are considered
to be pivotal for high spatial resolution of the microscopy and ultimately for high-
resolution images to be interpretable. These aberrations can be classi ed into two
main categories: geometric, or monochromatic and chromatic aberrations. However,

the STEM data presented in this thesis is una ected by chromatic aberration e ects.

2.2.3.2 Geometric aberrations

Simple types of geometric aberration include spherical aberration \G

axial astigmatism and coma. These can be described as follows:

" Spherical aberration: These occur when all paraxial rays (smaller anglgand
o0 -axis rays (larger angle ) are not focused at the same point along the optic
axis such as F in the Gaussian image plane after passing through the lens,
and this is shown in gure 25. Since the o -axis rays are distributed radially
at the Gaussian image plane, a blurred disk will be imaged instead of a point
focus and this is shown in gure &. The in uence of spherical aberration on

the radius of the disk in the Gaussian image plane is described by:

r¢« Cs 3 (2.3)

where G is the coe cient of the lens spherical aberration. Scherzer (1936)
showed that positive spherical aberration was inevitable in all cylindrically

symmetric electron lenses [76]. Until recently, this could not be avoided, just
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minimised by careful lens design, and compensated for in some imaging tech-

niques (Scherzer 1947) [78].

Figure 2.5: A schematic illustration of spherical aberration, where the o -axis rays are not focused

at the same point in the Gaussian plane.

" Axial astigmatism: The e ect of this type of aberration appears for the follow-
ing reasons: 1) inhomogeneities in the soft magnetic materials that are used
for the polepieces of the lens. 2) imperfections in the manufacture of the bore
of the lens, which must be cylindrically symmetric. 3) contamination situated
on the bore of the pole-piece and on apertures in the column. These e ects can
make the strength of the magnetic eld B non-uniform in the bore, with the
result that the focal points for those rays travelling in the x-z and y-z planes
are no longer the same (F6 F). Thus, at the Gaussian focal plane the spot
appears elliptical rather than round as shown in gure 5. The best that can
be achieved is known as the disk of least confusion, where the smallest image
of an object is formed. However, it is possible to correct the axial astigmatism

using a quadrupole lens or a stigmator.

Coma aberrations: these occur when all paraxial (rays that travel near the
optic axis) rays and o -axis rays are focused at di erent points such as,Fand
Fy and give a comet-shaped beam in the Gaussian image plane after passing

through the lens as a result of those rays arising from an object slightly o
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Figure 2.6: A schematic ray diagram illustrating axial astigmatism. Since the e ect of the magnetic
eld is not the same in the x and y directions, rays may travel in the x-z plane with the long axis
normal to the y-z plane resulting in an ellipse centered around the k point or vice versa around

Fy, or into a circle of smallest radius (the disc of least confusion) [75].

the optic axis. These aberrations can be corrected (coma-free alignment) by
correct alignment in which the electron beam in the microscopy is aligned

along the optic axis of the objective lens, as shown in gure:2

Figure 2.7: A schematic diagram of a comet-shaped aberration due to rays that travel near the

optic axis, which results in o -axis rays being focused at di erent points.

The geometric aberrations of a lens can be de ned in terms of the
wave aberration function ( x; y), which is de ned as the di erence between
the ideal spherical wavefunction and the real wavefront for a given lens. This

includes the simple aberrations described above (spherical aberration, astig-
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matism and coma), as well as many higher order aberrations). Although geo-
metrical aberrations can be presented in several equivalent systems of nomen-
clature such as Hawkes and Kasper in 1989 [79], Saxton in 1995 [80], and
Uhlemann and Haider in 1998 [81], here they will be expressed in notations

used by Krivaneket al: [82]:

(x; )= = )C g+ ))=2+Crzal ¢ )2
+ C1;2b x yt C2;la x( )%+ 3):3
+ Cop y( £+ 5):3"‘ Coaa x(x 3 5):3
+ Coap y(87 =B+ Ca( [+ ))°=4
(2.4)
+ Cazal x )+ Cazp x y( 2+ )2

+ Caual x 6%+ 4

+ Caan( » y X 3)]

Where where C denotes an axial aberration, = cos()and y = sin( ).

Aberration coef-| Conventional name Azimuthal Sym-
cient metry
Co Image shift 1-fold
Cyio0r C; Defocus In nite
Cio Regular astigmatism 2-fold

Coa Axial coma 1-fold
Cas 3-fold Astigmatism 3-fold

Cso Or C; Spherical Aberration (39 order) (0) Round
Cs. 2-fold Astigmatism of Cs (or 3™ order | 2-fold

2-fold Astigmatism)
Cs4 4-fold Astigmatism (a and b) 4-fold

Table 2.1: Aberration coe cients and their corresponding conventional names [82].
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2.2.3.3 Aberration correction

Spherical aberration limits the probe angle in STEM, and the objective
lens aperture size in TEM, so limits the resolution in both cases. Therefore, a neg-
ative spherical aberration is needed to cancel out the positive spherical aberration
in the lens. This can only be created by the use of a diverging lens. For this pur-
pose, the diverging lens can only be created with multipole lenses (e.g quadropoles,
sextupoles, octopoles, etc.). By combining several elements such as three octupoles
(02, 04 and O6) and four quadrupoles (Q1, Q3, Q5 and Q7), a diverging e ect
in all azimuthal directions can be created (at least up to a certain angle). This
kind of corrector was successfully achieved by Zach and Haider [83], and at atomic
resolution in STEM by Krivanek et al: [82], which is shown in gure 28. Addi-
tionally, another type of corrector such as a hexapole corrector, was successfully
implemented by Haideret al: [84]. Interestingly, this has become the most widely
utilised corrector in TEM/STEM instruments. At higher angles, higher order aber-
rations become dominant and aberration correction fails. Correctors allow probes to
be created with higher angles of incidence in STEM, whilst still remaining in phase.
This appropriates smaller probe sizes by the Abbe criterion. Ultimately, this allows
larger angles to be used for the objective aperture in TEM, whilst still keeping all

beams in a good phase relationship and the image resolution can be increased.

The corrector consists of three octupoles (02, O4 and O6) and four quadrupoles
(Q1, Q3, Q5 and Q7). The radial elongation of the beam through the corrector is
indicated along two orthogonal axes x and y (the line traces overlap when the beam
Is round). Schematic and ray path diagram of the quadrupole-octupole corrector

are shown in gure 28.
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Figure 2.8: A schematic ray diagram of the quadrupole-octupole corrector. The radial elongation

of the beam through the corrector is indicated along two orthogonal x and y axes [85].

2.2.3.4 Specimen and specimen holder

Electron microscopy instruments make use of transmitted electrons, so
for all TEM and STEM analysis, sample thickness is critical. Samples need to be
prepared from a bulk material and need to be thin enough to be observed by the
transmission of electrons with minimal plural scattering, without compromising the
structure. TEM holders for the sample need to be manufactured for the microscopy
that enable enough movement in the x, y and z directions for multiple reasons.
These include allowing the area of interest to easily be found, allowing su cient
tilting for a crystal to be oriented along a low symmetry direction. By allowing also
enough stability to allow atomic resolution imaging and spectroscopy. This section

describes the basics of specimen preparation and specimen holders.

For the current work, two specimens were processed since both TEM and

STEM have been exploited. This will be discussed as below.

The specimens were prepared for STEM by a conventional procedure,
which includes the processes of cutting, dimpling and ion beam milling. Once the

samples are thin enough, they are coated with a few nanometers of carbon to pre-
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vent them from charging when exposed to the electron beam [67]. For some samples,
a focused ion beam (FIB) instrument was used. This procedure is summarized as

below:

~ Cutting and thinning: Firstly, several disks of 3mm diameter were cut from a
10mm sintered ceramic pellet utilizing a speci c ultrasonic disk cutter. Sec-

ondly, all the disks were thinned to about 80-1Q@m by hand-grinding.

Dimpling: The thin disks from the previous stage were then put into a Gatan
dimple grinder in order to thin the disk's center to 20um. The dimpler
instrument uses a rotating brass wheel, which is coated by diamond paste to
gently polish the centre whilst only removing a speci ed thickness. For nal
polishing, a very ne diamond paste was used with a soft felt wheel to remove
debris left behind from the grinding process. Manual rinsing in water is also

essential.

lon milling: In order to get the thickness of sample ready for investigation in
the TEM and STEM, the thin disks from the previous step were put into a
Gatan Precision lon Polishing System (PIPS); the speci ¢ model used here,
number 691, has been adapted to include a low voltage supply. There are two
argon ion guns that are used to direct the ions with a desired angle upon the
sample surface. The incident angles on the sample surface are chosen to be
small for two main reasons: Firstly, ion implantation is noticeably minimised

at a glancing angle [72]. Hence if the ion guns are operated a8 incident
angle, this would allow both sides of the sample to be milled simultaneously.
Secondly, because of the at surface and minimal preferential milling of softer
areas of the sample. During the work presented here, specimens were milled
with an acceleration voltage of 4kV while being rotated at 2rpm for about
4hours. Then, the acceleration was decreased to 1kV for 2 - 3hours and

0.5kV for  30minutes up to the point where light is visible through a small
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hole that forms at or near the center of the specimen. The reason behind
gradually decreasing the acceleration voltage is to remove any damage from

the surface caused by the ion bombardment at higher voltage.

Carbon coating: After the ion polishing stage, the specimens were carbon
coated on either side in thermal evaporation system in order to prevent them
from charging when exposed to the electron, which might lead to some un-
wanted e ects during investigation with TEM and STEM instruments such as

stage drift or even sample damage. However, this charging e ect cannot be
eliminated entirely and its e ect has been rousted specially for the thin sample

over the thick one. This will be discussed in more detail in chapter 4.

For the special case of the high resolution transmission electron microscopy
(HRTEM), a suitable sample for investigation was made by a di erent procedure,
since HRTEM analysis requires the specimen to be very thin so that no contrast
inversion takes place. Firstly, electron backscatter di raction (EBSD) was utilised
to show the crystallographic orientations of grains in the specimen (with a light
carbon coating utilised to minimise charging, as described previously) [86, 87]. This
was achieved using a FEI-Quanta 200F equipped with an EDAX-TSL EBSD system.
A grain was then taken with <100> direction perpendicular to the surface. After
choosing a suitable orientation for the extraction of a thin section, the sample was
placed in a FEI Nova 200 DualBeam FIB and a thin specimen was lifted out from
an adequate location with the correct orientation. The specimen was then attached
to an Omniprobe and nal thinning was then completed to a thickness of around
100nm using the FIB. It was then con rmed using CTEM that the chosen grain
was perfectly located in the section in the correct orientation. Final thinning and
removal of surface damage was then performed with a Fischione Nanomill with argon
particles at 500eV accelerating voltage, from both sides, until the thickness of the

area of interest was su ciently small to be suitable for HRTEM.
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Once a specimen is ready for microscopy, di erent types of holders are
then available to load the specimen depending on the application. Two categories
of sample holders are top-entry and side-entry holders. The top-entry holder is a
cartridge containing the sample which is mounted inside the microscope. The top-
entry holders should be small enough to t through the bore of the objective lens
pole-piece, and since they are detached from outside of the microscopy, drift problem
is relatively low. Also, they are easy to manipulate in terms of tilting or rotating,
which is bene cial. As a result, the top-entry holders are regarded to be more stable
than the others, and has been used in the current work at SuperSTEM (see sections
4.2 and 5.2). On the other hand, the side-entry holder makes use of a motor to
tilt or rotate the sample. Although these holders are regarded to be standard, they
connect the sample directly to the outside of the microscopy via a long lever arm,
which is undesirable due to their relative instability. These holders are commonly

used in FEI and JEOL microscopes due to their exibility for large tilt ranges.

2.2.3.5 Electron detectors

In order to image whole sample in TEM with good resolution, large pixel
count detectors are used. One common detector type is a CCD (Charge Coupled
Device) camera with 2kx2k pixels, which has become almost universally available.
Figure 29 shows a schematic diagram of a CCD camera widely utilised in TEMs,
which uses a thin scintillator coupled by an optical ber plate to a thermoelectri-
cally cooled diode array (Peltier-cooled system). Dierent (P+ and U+ phosphor)
scintillators can be utilised in order to achieve di erent performance characteristics.
Some scintillator materials are optimised for speed, whereas others are optimised for
high sensitivity, and the precise choice depends on the application. CCDs consist
of regular arrays of metal oxide semiconductor capacitors that store charge after

conversion with the scintillator. Each capacitor is initially charged to the same
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potential and this charge is then depleted by electrons and holes produced by the
incident light. Thus, the charge carriers become trapped in potential wells they can

accumulate charge in proportion to the incident light intensity.

Figure 2.9: A schematic diagram of a common CCD camera that is used in TEM [72].

In STEM, the detector typically comprises of several large single or seg-
mented semiconductor sensors or more commonly, scintillator-photomultipliers. Two
sorts of detectors are utilised to record STEM images such as BF detector and high
angle annular dark- eld (HAADF) detector as shown in gure 216. For BF de-
tector, only the direct beam is incident on the detector. In contrast, the HAADF
detector only collects electrons scattered to large angles. A schematic diagram of

these detectors is shown in gure 26.

For the HRTEM work in this thesis (see section 2.2), a Gatan UltraScan
1000xp-HS Camera within a new Model 994 was used. This US1000xp CCD is a
2kx2k CCD camera and can read out over 4 ports. For this kind of camera, the
standard 4Mpixel/s read-out mode reliably produces the very highest image quality

possible.
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2.3 Imaging mode

Since the imaging system is the essential tool in microscopy to visualise the
structure of the specimen, understanding the imaging techniques is critical to correct
image interpretation and the main techniques used in this thesis are discussed as

discussed in the following sections.

2.3.1 Diraction contrast TEM

In conventional TEM, images are commonly formed using di raction con-
trast in BF and DF modes in order to check samples and selecting areas for use
for the atomic resolution characterisation. When the electron beam is incident on a
specimen, some electrons will be elastically scattered. In a crystal, electrons will be
scattered in certain directions corresponding to Bragg re ection. A di raction pat-
tern of the specimen is then formed in the back focal plane of the objective lens as
shown in gure 2:10, and there will be a transmitted spot and one or more di racted
spots. Most of these electrons can then be stopped utilizing the movable objective
aperture to select just one di racted beam, with which to form the image. If the
selected beam is the transmitted beam, then the image will be a bright eld image
(i.,e. dark features on a bright background). However, by selecting the electrons
from a Bragg di raction spot, a dark eld image is formed (i.e. bright di racting

features on a dark background).

As introduced earlier, in order to get the BF image, a small aperture is
selected in the back focal plane of the imaging lens to allow only the direct beam or
undi racted electron beams that pass through the aperture to form the image. A
DF image can be formed from a di racted beam in two di erent ways. Firstly, the

objective aperture can be shifted in order to select the diraction spot. Secondly,
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tilting the incident beam can be used so that the diracted beam will be on the
optic axis to form the image which in turn o -axis aberrations are avoided. All

these methods for BF and DF image formation are shown in gure:20.

Figure 2.10: A schematic ray diagram showing the formation of BF and DF images after the direct
beam interacts with a specimen. a) A BF imaging mode formation from the direct beam. b) A DF
imaging mode formed from a speci c di racted beam selected by setting the objective aperture.
¢) A DF imaging mode formed by tilting the incident electron beam which in turn displays the
scattered beam on axis. On the viewing screen under each ray diagram, the area of interest of a

specimen is selected and displayed by the objective aperture in microscopy.
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2.3.2 Phase contrast HRTEM

Phase contrast arises when more than one scattered electron beam (through
a thin specimen) passes through an objective aperture and then interfere to form
the image. Essentially, the phase-contrast results from interference causing fringe
formation. The diracted beam has an additional phase shift of=2. Therefore, a
small di racted amplitude only results in a slight rotation of the phase angle of the
resultant wave in the image and brings almost no change in amplitude. So, there
is no contrast where di racted beams are weak (i.e. for a thin specimen where it is

regarded as a weak phase object (WPQO)).

As mentioned in section 2.1.3, aberrations also shift phases of electrons
which depends on the angle at which the electrons pass through the objective lens.
This angle is equivalent to a spatial frequency in the specimen resulting in a di rac-
tion spot. This phase shift can be plotted against spatial frequencies)(for a lens
with a speci c defocus value. This is called the contrast transfer function (CTF).
The CTF is de ned as sin () with the range of 1, where () is the collection
angle. The contrast records its maximal value when the sin ( ) displays the

maximum values ( 1), whilst zero contrast when the sin () hits zero value.

Following Rayleigh, the resolution of an optical system can be de ned as
follows: if the central maximum of the Airy function of one object coincides with
the rst subsidiary maximum of the Airy distribution of the other object then the
two objects are well-resolved. Accordingly, the resolution (d) between two adjacent

point-like objects can be determined as below:

dg=1:22 — (2.5)

where () is the wave length and (') represents the collection semi angle. Equation

(2.6) de nes the diraction limited resolution. According to the above equation,
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the image resolution can be enhanced by increasing the acceleration voltage or by
decreasing the aperture size. However, as discussed above in Section 2.2.3.2, the
objective lens will inevitably possess some spherical (and other) aberrations, which
also limit the resolution. Until the advent of aberration correction, the best reso-
lution of HRTEM was achieved by nding a balance between spherical aberration
and defocus. In 1949, Scherzer [77] suggested that the CTF can be optimised by
balancing out the spherical aberration against defocusing the lens. This occurs at a

particular value of defocus known as the \Scherzer defocus"f g¢p:

fsen=  1:2(Cs )7 (2.6)

Within this  fsc, defocus, all di racted beams will have a phase shift of constant
sign out to the point of the rst cross-over on the spatial frequency axis. This
crossover point is characterised as the point resolution limit. Because of the variation
of the CTF with the spatial frequency, the transfer of information from the sample
to the image will not vary with defocus and hence the image understanding is not
intuitive. So, an aperture is set to select on a speci ed range of the spatial frequency
to ease the image interpretation, namely to set the aperture at the rst crossover
of the CTF at Scherzer defocus. Thus, the maximal value of spatial frequency is
introduced by the CTF in order to present a reliable image interpretation. This
shows that the negative curve increases as the value of thd s, increases and

decreases as the value of thef s¢, decreases as shown in gure:21.
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Figure 2.11: A schematic diagram of sin curves calculated for di erent values of fsgp,, at values

of -30, -50 and -70, respectively.

A schematic plot of the CTF, which is proportional tosin (), versus the
collection angle () is shown in gure 212. In reality, the uctuations of sin ()
in the CTF function are suppressed by the lack of spatial coherence of the source E
and by chromatic aberration E of the lens acting on the energy spread of the source,

which in turn can be expressed by envelope functions. The result of this envelope
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function is to establish a virtual aperture in the back focal plane of the objective lens
in @ microscopy resulting in damping of higher spatial frequencies. Ultimately, this
limitation degrades the microscopy resolution and sets an information limit beyond
which no signi cant information is transferred (with either a positive or negative

phase shift).

Figure 2.12: A schematic diagram of sin() vs displaying the CTF as a function of sin( ) within

an uncorrected TEM. This has been calculated for the CM300 at NCEM (Berkeley, CA, USA),
Cs = 0.6mm and an accelerating voltage of 300keV ( = 1.97pm) result in Scherzer defocus =
-41.25nm. The maximum allowable spatial frequency, which gives intuitive image understanding,
is determined by the rst crossover. E and Eg represent the chromatic aberration and the spatial
coherence envelops, respectively. In fact, the parameters for the CM300 are exactly the same as
those for an uncorrected TITAN 80-300, so this graph illustrates well the performance available

on one microscope used in this research prior to aberration correction.

2.3.2.1 The use of negative spherical aberration (NCSI)

Since spherical aberration Climits the resolution in both STEM and TEM

instruments as mentioned in section 2.2.3.2, it is therefore NCSI that is required to
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compensate the ¢ of a lens. In the case where Cis corrected to be \0" and
hence sin ( )=0, no phase contrast is observed for the WPO. Thus, some residual
Cs is needed to give phase shifts and therefore to display contrast. This could be
chosen where Cis small and positive, but there are advantages in settingGmall
and negative. Setting G small and negative allows a particularly simple way of
producing easy to interpret images using a single image at a single defocus. This

section explains how this works.

The amplitude and phase conditions of NCSI can be explained in the
Gaussian complex-number plane as shown in gurel3. The incident wave V.
is depicted by a vector parallel to the real axis while the diracted wave, ¥
undergoes a= 2 phase change and, lies along the imaginary axis. Thus, the vector
sum V,es Will be a rotated vector at a slight angle to the positive real axis, but with
little di erence in the amplitude resulting in almost no contrast. If a + =2 phase
shift is added to the diracted wave, the this now lies in the negative direction on
the real axis and Vs is reduced signi cantly. Therefore, the scattering positions
in the image yields a negative contrast on a bright background. This would be the
contrast seen using negative defocus and positive spherical aberration, as shown in
gure 2:11 above. But, when a =2 phase shift is added to the di racted wave,
the resultant vector, Vs, Is increased in length and this gives a bright contrast
on a darker background for strong scatters. This can be achieved using a negative
spherical aberration and a positive defocus (Jiat: al [71]), see gure 214. Figure
2:14a shows the contrast transfer function of an uncorrected microscopy where the
phase CTF (PCTF) is close to 1 for a range of up to ¢ (the Scherzer point
limit). In contrast to this, gure 2 :14b shows the contrast transfer function after
optimisation in the corrected microscopy to give ideal NCSI conditions where the
range of the spatial frequency is taken after the limiting point ;. For an aberration-

corrected conventional TEM the & order spherical aberration is adaptable and can
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include a range of values about 20 m at 200kV. For the work performed in this
thesis, G was tuned to -10 m and a defocus of about 7.2nm was used (see table
4.1 in section 4.2.3). The NCSI HRTEM images that require a Ccorrector or the
objective lens were taken with 300keV along an [001] direction) at Jalich on the
TITAN 80-300 performed by Dr Lei Jin (Ernst-Ruska Centre, Forschungszentrum

Jalich).

Figure 2.13: Amplitudes and phases in the Gaussian image plane illustrating phase contrast in a
(WPO). V i, is pointing along the real axis and that of the scattered wave Vi  along the imaginary
axis. The basic phase shift of the diracted wave is +=2. (a) For positive phase contrast, an
additional + =2 phase shift is added to the di racted wave, where the atom positions appear dark
on a bright background. (b) For negative phase contrast, the corresponding additional phase shift

is =2, where the atom positions appear bright on dark (negative) background.
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Figure 2.14: Plot of PCTF, which is the phase contrast transfer function and ACTF, which is
the amplitude contrast transfer function vs spatial frequency ( ). (a) A schematic plot of PCTF
for an uncorrected microscopy, which is proportional to -sin2 (). (b) Plot of PCTF for NCSI
conditions in the aberration corrected microscopy, which is represented by a solid line. The dashed

line shows the amplitude transfer function (ACTF vs cos2 ().

2.3.3 STEM Imaging mode

In a STEM instrument, a series of lenses are used to form an atomic-scale
probe incident upon a thin specimen see section 2.2.1. Using such an instrument, it
is possible to sample di erent signals and plot them as a function of probe position
to form a magni ed image. For example, it is possible to use a BF or an annular

dark eld (ADF) imaging detector, as shown in gure 216.

The contrast in STEM from HAADF is dominated by incoherent nuclear
Rutherford-like scattering. That is, the HAADF image is referred to as a Z-contrast
image because of strong dependence on atomic numbeiZ", wheren < 2 for iso-
lated atoms, since the angle is low compared with the ideal conditions for Ruther-
ford scattering. For atomic resolution images, HAADF provides positive contrast of
bright atoms on a dark background and can be intuitively interpreted in most cases.
Therefore, the contrast is more strongly mass-thickness dependent than that from
BF or low to mid angle DF imaging. Examples of this are given in sections 4.2 and

5.2.
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2.3.3.1 BF and HAADF imaging

In principle, if the scattering of a beam is elastic, the imaging operations
of TEM and STEM are interchangeable. This is known as the theorem of reciprocity
[88]. Accordingly, if the source of a TEM and detector of a STEM are interchanged,
identical images are acquired. Thus, STEM BF images are similar to those acquired
in CTEM. The contrast of the BF in STEM depends on the collection angle of the
detector. For a very small collection angle, the contrast is approximately similar
to HRTEM by the reciprocity principle as mentioned above. This principle can be
observed in gure 215. This means there exists a complex relationship between
contrast, sample thickness and defocus. This allows light elements to be imaged.

However, image interpretation is not always easy and may require simulations.

STEM imaging can o er a unique dark eld imaging called high angle
annual dark eld (HAADF) imaging, in which images are formed by gathering those
electrons scattered to high angles approximately following Rutherford scattering
[89]. The schematic diagram for detectors in STEM that are used for di erent
imaging modes can be seen in gure:®6. The relative positions of the detectors
allow them to collect electrons scattered through di erent angular ranges. Inelastic
scattering electrons where the concept of the thermal di use scattering (TDS) is
introduced. This TDS results from the thermal lattice vibration, which is again
approximately equivalent to the result of Rutherford scattering electrons. These
e ects contribute to the background of the images used in this work (see sections
4.2 and 5.5). Therefore, the background intensity of the images were subtracted (see
section 3.5). These high angle scattering electrons are the result of the incoherent

scattering, as proposed by Hall (1965) [90].

Over the last decade, the development of aberration-corrected STEM in-

struments has brought signi cant improvements in materials characterisation. In
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