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Abstract

My PhD work focused on studying the domain structures and the strain fields
inside barium titanate (BaTiQ) nanocrystals. The results on the domain
structure study have already been published. The results on the stripiée strain

fields inside nanocrystals are finalized and there is a plan for publication.

The first question my PhD work wants to address is what the domain structures
inside BTO nanoparticles exist ath how they evolve with temperature and when
crossing the phase transition. Bragg coherent-Ky diffraction imaging (BCDI)
experiments on nominal 200nm size BTO nanoparticles were carried out at the
Diamond 113-1 beamline and the Advanced Photon Source 3B-C beamline.
The 90°domain walls were tracked in detail when crossing the tetragonatubic

phase transition. This is presented in Chapter 3.

Upon studying the domain structure inside BTO nanocrystals, some unexpected
stripe-like strain fields were found. Crystals with clear facets were chosen to
restore resolve the crystallographic direction, after which the strain field

direction and periodicity were studied in detail. This is shown in Chapter 4.

To understand the temperature dependence of the straintspes, in-situ BCDI
experiments were done at ESRF D1 beamline. Faceted BTO nanocrystals were
chosen for temperature study. The strain stripes were found to be stable and
preserved at both tetragonal and cubic phase with at elevated temperatures. This

is illustrated in Chapter 5.

The Finite element analysis (FEA) approach was utilized to understand the
origins of the strain stripes. Different piezoelectric blocks were defined to
simulate the domain structures inside a BTO crystal. 180°domain wall&ere
found to give more strain stripes features than 90°domain walls in the

simulation. This is covered in Chapter 6.

The same patch of BT@anocrystalswere also studiedusing an Xray Free
electron Laseras a function of time delay after laser excitatio. Rather than
seeing any significant thermal expansion effects, the diffraction peaks were
found to move perpendicular to the momentum transfer direction. This suggests

a laser driven rotation of the crystal lattice, which is delayed by the aggregated



state of the crystals. Internal deformations associated with crystal contacts were

also observedThese are shown in Chapter 7.
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Impact statement

The structure of the domains in barium titanate (BTO) nanocrystals are
addressed in this thesis. Bragg coherent-pay diffraction imaging (BCDI) was
used to probe the displacement and strain distribution inside BTO crystals. Finite
element analysis has been used to simulate the strain patterns from different
domain configurations. Large 90°domains with size of 100nm were located in
one BTO nanocrystal. New understanding of the classical phase reconstruction of
the diffraction patterns was discovered: patterns with more than one centre
usually failed. A useful trick was found to cut and split apart the two diffraction
patterns on the deector images, and then reconstruct the two parts separately
before combining the real space images together. The crystal was then heated up
and cooled down across its tetragonatubic phase transition temperature of
120TC. The large 90°domains were foundto come back at the same place after
returning to the tetragonal phase from the cubic phase. During the BCDI
experiments, some wellifaceted crystals were observed by their strongly
modulated diffraction fringes. This allowed the crystallographic orientatons to

be determined, fully in some cases, to establish a coordinate system to interpret
the strains. When their strain components were calculated, some unexpected
strain stripes were found. The directions of the strain stripes are mostly along
{100} or {110} with a period of 30nm to 50nm. These strain components were
found to exist in both tetragonal phase at room temperature and cubic phase at
elevated temperature. These stripes and the conclusion that there is
spontaneous domain formation in these 200nnerystals of BTO has never been
seen before and may have significant impact on technology. It is worth noting
that commercial multilayer ceramic capacitors, the preferred choice of today's
electronics industry with production exceeding 1012 pieces per ygause
nanosized BTO as their dielectric. Why the properties are enhanced by the
nanomaterial are not fully understood at present, so the current thesis work is

an important step towards that understanding.
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Chapterl. Principles of X-ray

X-rays conform with wave-particle duality in quantum physics, where both wave
and particle (photon) properties can be quantified. Considering the wave
properties, Xrays are a formof electromagnetic radiation and its frequency
spans from 30PHz (10'2Hz) to 30EHz (108 Hz) in the spectrum.They obeythe
general optical laws including reflection, refraction and diffraction. When
considering the photon properies, Xrays caninteract with matter by scattering
(either elastic or inelastic) and absorption (fluorescence, photeelectron

emission, Auger electrons).Important for experiments, Xrays can be counted.

Rontgen discovered the Xay in 1895, which earnedhim the first Nobel prize in
physics in 1901.Later, Rontgen found the Xay is produced by using higrenergy
electronsto hit amaterial target. This is still the efficient way toproduce X-ray,

as the typical labbased Xray tube using electrons to hit copper anode for this
purpose.There are two types of Xrays generated through hitting the atom:
characteristic X-rays and bremsstrahlung. When an electron hit on an atom, it
could knock out the electron at the inner shell. The outer shell electron would
then fill the inner vacancy and emit Xray radiation that is characteristic
according to theelement. This is the secalled characteristic Xray, which was
discovered by Barkla in 1909 and won the Nobel prize in 1917. An empirical law
was put forward by Moseley in 1913, which describgthe frequency of
characteristic Xray beenproportional to the square of atomic number("® @ .
Different to characteristic XxXOAUh " OAT OOOOAEI O1T ¢ OAAEAOQET I
frequency, but rather a broad distribution. This is produced when the incoming
electron is slowed down when hitting the atom rather than kocking out

electron on shell. According to the energy conservation, the energy of emitted X

ray would be the same with the energy loss due tilve slowing down of electron.

The high penetration property of Xxray was immediately exploited to take
transmission photo for medical applicationafter the discovery. Hongzhang Li is
the first Chinese to take the Xay photo, who was a Chinese diplomat visiting
Germany at that time.He took the Xray photo seven month after the discovery

of X-ray, in which he sawa bullet directly in his left face.He wrote the first



description of X-ray in ChineseCothes, flesh, blood, wood and stone aral gone

away. The only thing left in photo are hardware and bones ( ] J

). He called thisX-
OAU 1T AOET A OAT in&hinbsg(l O ¥ WAMEKndw that the
photoelectric absorption of the Xray beam is roughly proportional to the cube of

atomic numberand inverse cube of energy® - .The harmful effect of X

ray to human tissues was gadually found, after cases of burns, hair loss and even
death been reported due to continuous exposure to-Ky. Therefore, the static X
ray photo is usually performed instead of a dynamic one in modern medical

radiography to reduce the exposure dose.

In this chapter, the scattering process is emphasized, which is directly linked to

our present works.

1.1 X-ray Scattering

1.1.1Classical sattering theory

Classical scattering is also termed as coherent scattering or Thomson scattering.
As atransverse electromagnetic wave X-ray can be diffracted to form

constructive or destructive interferences. The only essential particle that

interacts with the X-ray is the electron (as discussed below) Diffractions from
other sources, such as atom, molecule, crystal or glass, can be viewed as the
geometric and mathematical combination of the electron scatterindifferent

form factors are also developed to mathematicafldeduce the relations, as

shown in below.
(a) An electron

The classical way to evaluate the scattering from a free electron is to put it in the
X-ray beam and treat it as radiation source by vibration. Then the amplitude and
intensity at a given pointis formed. The intensity per unit area per unit time is an

observable quantity and given by the Thomson scattering equation:

O A0 o)



"Ois the intensity at electron sourceD is the polarization factor. For unpolarized
X-ray beam, this factoris———.1 is the classical radius, or Thomson

scattering length, given by:

Q
: _ B "V
T A L O pg

‘Qis the elementary charge p& ¢ p 1 C).& is the electron mass
(up Twp T kg).- is the permittivity of free space (@ v T p T F/m). Qis
speed of light & w Yp tm/s).

The first interesting fact is that he above equations prove the electroto be the
only essential particle for diffracting Xrays, because the scattered intensi is
direct proportional to charge and inverse proportional to the density massThe
neutron has no charge, so it will not scatter the incident-Xay. The proton has

the same charge as electron, but the density mass is 1836 times bigger, making

its scattering intensity 18362 times smaller.

The second interesting fact is that the Thomson scattering equation describes
the total scattering from free electron. When consider the bounded electron in
atom, the Thomson scattering equation still works. Howeer, it split into
coherent scattering part (Thomson scattering) and incoherent scattering part

(Compton scattering).
© O © ‘gQ Op Q P
"('s the scattering factor of an electron and can be expressed a& function of

scattering vector U at point1 :

Q "1'Q QU p8
Scattering vector is defined as:
0 0 o)
Here the” 1| means the electron density inside the electron cloud, wibh can be

thought of as a probability distribution. k and ki are the incident andscattered

wave vectors.



(b) An atom

The scattering from an atom with Z electrons can be viewed as a superposition of
scattering from each electron. Therefore, the total coherent scattering can be

expressed as:
O Q0 " 1Q Qu O o1

The sum of these scattering factor from different electrons is usually defined as

the atomic form factor, given by

~

Q0 Q7 1 Q Qi P

Here the” i means the electron density in the atom.
(c) A unit cell

Similarly, the scattering froma unit cell with Z atoms can be viewed as the sum

of each atom. This will form a new factor callednit cell structure factor, given

by:

~

00 Q7 1 Q Qi P&y

Here the” 1 means the electron density in unit cell.
(d) A crystal

The interesting story happensn the scattering of a crystal, where it has periodic
structure. A single electron has no periodicity, so is the atomic orbitals in one
atom. The primitive unit cell will not have periodicity according to its definition.
The lattice vector can be defined as:

Y €0 €W & P&
Due to the periodicity of the lattice, thescattering factor of a crystalcan be

factorized asthe product of unit cell form factor andlattice sum:

"00 00 Q Q pP T
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the unit cell form factoris discussed.

"OACC8O 1 Ax EO AEOOO bOi bl OAA AU 78(8 " OAC

in 1913, who won the Nobel prize in 1915 for determining crystal structure

using %ray. Figurel10ET xO0 A OUDPEAAI AEACOAI &£ O EI 1 O¢

incident X-ray beam is scattered by the plane of atoms. The optical path length

difference (OPLD) forthe scattering from two adjacent crystal plansis the

function of d-spacing and incident anglelf the scattering from two adjacent

crystal plane is in phase, or equivalently the OPLD equals to integer multiple of

X-ray wavelength, then the constructive mterference occurs and yields the

O000iI 1T CAOO ET OAT OEOU8B8 4EEO OAI AGETT EO AAOA
0 CQi Q¢ &— PP p

For fulfil this equation, there is clearly an upper limit for the Xray wavelength:

_ cQ PP C

(a) IIIKEIﬂfelenCL
/ } Wy

Optical path length difference = 2dsin (8)

(b)

K
2
Q1 .
—> o
a s \

Optical path length difference = acos(a4)- acos(ag)

Figure 1.1The schematic diagram to illustrate constructive diffraction condition.
(a) Bragg geometry. (b) Laue geometry.



"OACC8O 1T Ax TT1U ETOI 1 OAO OEA 1 AOGOEAA DPIET
condition can be simply dedeed from geometry. Therefore, it gives a clean

image of how diffraction happens in the viewpoint of crystal plane.

Laue deduced a similar relation between incident and diffracted-¥ay beam,
which is now termedasLaue equations. Laue also received Nobel prize in 1914
for the discovery of Xray diffraction by crystals, one year ahead of BraggTis
Nobel prize medal was dissolved by aqua regian World War Il and recastin

1952 using thesamegold.)

I AT 1T Bl AOA AAOE OA GBEkhowniingeferedc®A. 31€e chINO A OET 1
OEi DI A OEAx 1T &£ , AOA6O ANOAOEIT EO CEOAT 8 &
intensity from a crystal is given by the multiplication of lattice sum and unit cell

form factor. If only the lattice sum is considered, which is given by:

Qs Q PP o
This equation would reach the maximum if
0OY ¢ WOwQIQE 0 QQQI PP T
Mathematically, areciprocal space latticecan be generated similar to real space
equation in:
0 4o a0 4 PP L
The new lattice constants are defined as:

- 0w 0. 0w 0. 0
(L)— _—

CFon o @ CEana N CEon o RO

According to this definition, the real space and reciprocal space constant satisfy:
G ¢ Q pkio PP X
This gives:
"0 Y ¢ OOQIQE 0 QQQI PP U
Combing the equation and gives the famous Laue condition:

0 O PP W



Figure 1.b is aschematic diagram for deriving Laue equation in one dimension.
When theoptical path length difference for the two adjacent atomsare the
integer times of Xray wavelength, then the diffracted Xrays are in phase and

give constructive interference:
0 OATIO OaEiI & _ P& T
This equation can be expressed in vector viewhich gives.
w0 0 O Q P& p
This is the Laue equation in one dimensiolhe Bragg condition is a special case
i £, AOA AT T AEOET T hanb&deduded ook haue Qo 5 O 1 Ax A
Combining equationsand proper multiplying the two sidesgives
‘0 ¢QJ0 QO P& ¢
Substituting'ox EOE , AOA ANOAOEI T CEOAO OEA " OAGCCHO
1.1.2 Other scattering effects

(a) Compton scattering

Comptonscattering is one example of incoherent scattering or inelastic
scattering. In such case, #hscattered photon has lower energy or longer
wavelength than the incident photon. This relationship is deduced by Compton
in 1923:

— p W+ P& o

The Compton scattering length islefined from this equation as:

Q

i i e 8 ¢ pmB PR T

Sometimes the reduced the Compton scattering length is used, which involved
replacing the Plartk constantQn equation with reduced Plarck constantd. This

givesavalue ofo® @ p 1T B.

Crosssection is a term to quantitativelydescribe the probability of a process
happens during the collision of two particles. For example, the scattering cross

section can be defined as the possibility of an incomingipton been scattered by
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an atom. The scattering crossection ofbarium element is given in Figurel.2. At
9 KeV, the Thomson scattering is still the major part that contribute to the total
scattering. However, the Compton scattering crossection exceeds'fhomson

scattering at about 100KeV.

I I | I I I

Ba, Z=56 -
— Thomson
— Compton
— photo abs. -

electron pair
= nuclear pair
— Total

106

104

102

Cross-section [barn/atom]

10°

| | | | | | |
10% 10* 10% 105 107 10® 10° 10" 10"
Photon energy [eV]

1072

Figure 1.2 Crosssection of Xray interaction with barium element. Image from

2]
(b) DebyeWaller factor

From a lattice dynamic point of view, theactualatomsin crystal have thermal
vibrations instead of being static at lattice node. This fluctuation can be added
into consideration by modifying the atomic form factor. The sealled Debye

Walller factor is usually added for compensating the thermal vibration, wich

6 0. )
takes the form ofQ .U is the scattering vector and® Os the mean square

displacement from the scattering centerThe value of DebyéNaller factor varies

on temperature and atomic species.

1.2 Xray sources andinstrumentations

1.2.1 Lab Xray source

Figure 1.3 shows a Rigaku Smartlab-xay diffractometer at the UCL physics
department. In X-ray tube, thetungsten filament first generates electrons upon
heating. These electrons are then accelerated by electricalfl towards the
rotating copperanode With aproper electron energy, Xray comprising ofa

white radiation and characteristic radiationswould be generated. Different
monochromators can be applied to select the radiation needed. For example, Ge

monochromator can be used on the incident beam side to select only Gu

8



radiation, which has an energy of 8.0&eV and a wavelength of 1.5485 A.

Graphite single crystalmonochromator can beapplied on the receiving side to
select both Cuy andv 1 p 8 WA}, buoeliminatingd 1 p 8 dAWw¢ ¢ ¢
and most of Bremsstrahlung radiation.The vertical divergence of 0.01is

reached by a combination of a parabolically bent muliayer mirror (Gobel

mirror) and double crystal Ge monochromator. The horizontal divergence of
0.5°is achieved, which is determined by Soller slits. The length limiting slits are

used to reduce the Xay footprint.

Figure 1.3 A photo of Rigaku Xay diffractometer at UCL physics department.

1.22 Synchrotron radiation source

Synchrotron radiation hasmany unique properties comparing with lab Xray, the
most prominent ones being thetunability (free dom to choose the Xay
wavelength) andbrilliance. Unlike the lab Xray, synchrotron X-ray radiation is
generated through the radically acckeration of relativistic electrons. There are

approximately 70 synchrotrons in construction or in use worldwide.

The synchrotron radiation source has several key components: electron gun;
linear accelerator (LINAC); booster ring; storage ring and beamlindwutches.

Same as lab Xay, the electron gunusesheated filaments to generate electrons.
The generated electrons are injected into linear accelerator, where the electrons
are packedin bunches and accelerated to an order of hundrewhillion electron
volts. For example, theLINAC inthe Advanced Photon Source (APS$ designed

to accelerate electrons to 200MeV at 48 pulses per secondlhen these electrons
are put into the booster ring and further accelerated to the final designed energy.

For example, Diamad Light Source (DLS) is a medium energy synchrotron

9



working at 3 GeV. European Synchrotron Radiation Facility (ESRF) and APS
works at 6 GeV and 1GeV, respectively. Booster ringriginally works a few times
per day to refill the storage ring, where the electrons are kept ia closed path

and in operation to generate Xay. For now, most synchrotrons use topup

mode, in which the booster ring works more frequently or continuously to

provide constant beam current.The closed path can be usually divided into tens

of segments, each contacting an arc path by bending magnets and a straight path

used for insertion devices.
(a) Bending magnet

A bendingmagnet is used to create a homogeneous magneticli@ver a
distance, which mainly used to bend the trajectory of electrons to form a clode

loop. It canalso create a pencil beann flattened cone shape
First to be noted, therelativistic electrons move at a speed close to the lighThe
Lorenzfactor can be expressed as

I S (9
ol P wbx pg L

, Where E is the storage ring energy. Therefore, for diamond light source, the

Lorenz factor is about 5871.

Secondlythe relativistic Doppler effectchanges the wavelength. The Doppler
effect causes the@und wave more compact or an increase in frequency towards
approaching the observer (red shift), comparing with a decrease in frequency
when moving away from observer (blue shift). For the synchrotron electrons
moving at a speed close to the speed of lighhe doppler shift would modify the

wavelength with an order of ¢/

Thirdly, the Doppler effect also changethe radiation angle or the beam
divergence. For relativistic electrons, the large Lorenz factor gives a small beam
divergence in the order d7 . This beam divergence defines the beam shape in
the vertical direction. In the horizontal direction, there are electron angular

changes which make the beam elongated horizontally.

10
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Figure 1.4 Bending magnets and insertion dvices spectral. Image fromJ].

The bending magnet offers radiation with a broad frequency but a lower

brightness, as shown in Figurd. 4. Therefore, the bending magnets beamline is
helpful when large energy range is favared, or the brightness is not the priority.
For example, the APS :BM, which we use to do Xray scattering and PDF study

of BTO nanocrystal, is a bending magnet beamline.
(b) Insertion devices

Insertion devices are put in the straight path of the segment instorage ring,
which are the characteristics of third generation synchrotrons. The -Xay
generated bythe insertion devices are several order®f magnitude brighter than
by the bending magnets, as can be seen in Figurd. The two typical insertion
devicesare wiggler and undulator, both of which are made of a stack of magnets
arrays. In both cases, the electrons are forced to vibrate horizontally through the
insertion devices. The Xay generated from each pair of magnets would add up
in the forward direction, thus enhance the flux. The difference of a wiggler and

an undulator is the degree of electron moved from their straight path.

For a wiggler, the electron is moved at an angle larger than the natural opening
angle. Assuming the wiggler has N pair of magnets with same length and field,
the generated radiations would be increased by a factor of 2NBecause such
electron vibration happens in horizontal direction, the angular distribution is

also increased by a factor of 2N horizontally.

For an undulator, the electron is movd with a degree smaller than the natural

opening angle. In this case, the generatedray from each pair of m@netsis in
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phasewith each other. Therefore, the brightness is no longer the adding of

intensity, but the square due toadding amplitude.
(c) Extremely brilliant source (EBS)

ESRF has gone through the upgrade for the alled EBS. It consists of four
components and the key part is a new storage ring that increase the intensity by
a factor of 100. Figure 1.5 shows diffraction counting rate using the same BTO
nanocrystals. The diffraction countgyoto nearly 200 thousand counts per
second at the brightest pxel at ESRF ID01, while at APS 3B-C the value is
about5 thousand. The enhanced intensity would make our measurement faster

and increased gjnal-to-noise ratio.

Diffracted Intensity

Sept. 2019 @ DLS 113-1 [D=2.9m, px=55um]
Crystal No. | SingleMax (cts/s) | TotalMax (cts/s) |Size-X (nm) | Size-Y (nm)
C3-650 19 64457 274 -
C6-867 43 418170 127 113

Mar. 2021 @ APS 34-ID-C [D=0.5m, px=55um]
Crystal No. | SingleMax (cts/s) | TotalMax (cts/s) |Size-X (nm) | Size-Y (nm)

#180 1049 3958939 67 55
#662 1020 2653312 115 112
#705 5190 4153483 179 150
#725 1050 1070779 138 196
#746 1295 912788 129 199
#910 5608 1833387 202 281
#954 1543 1688621 152 143
#965 3985 3805087 197 168

Apr. 2021 @ ESRF ID01 [D=0.546m, px=55um]
Crystal No. | SingleMax (cts/s) | TotalMax (cts/s) | Size-X (nm) | Size-Y (nm)

C1-#2330 5213 7051289 177 142
C2-#230605 196118 132951408 169 139
C3-#82516 133103 19292316 322 221
C4-#31538 51753 68599995 550 720

Figure 1.5 The diffracted intensity at three different beamlines (DLSI13, APS
34-ID-C, ESRF ID01) using the same BTO nanocrystals.

1.2.3 Beamline optics

For different scientific purposes, various beamline optics could be applied.

Monochromator can be termed as anreergy filter. The coherence application of
X-ray requires all the beam to have the same wavelength or photon energy. The
X-ray generated froman undulator is the pink beam and need to be filtered bg
monochromator. Both APS 34D-C and DLS 113l use the S{111) double crystal
monochromator (DCM). It consists of two silicorcrystals setting parallel to each
other. The incident Xray beam is diffracted by 111 Bragg reflection of silicon,

where the Xray with exact wavelength will be collected at Bragg condition. A

12



second monochromator is used to both further filtering the energy and keep the
X-ray beam to be straight. Irthe real case, the collimation of incident Xay beam
and crystal imperfection suchas mosaicitywould introduce the spread of Xray
beam, but silicon is close to perfectThe energy resolution for a typical Si111)
DCMis2 p .

As for focusing optics, bcausethe real part of Xray refractive index is small but
very close to unity, itd lard to effectively bend the Xray beam. The focal length
for a conventional lens would be too large to be practical.o achieve the bending
of X-ray so as to focus the beanvarious methods have been developed by either

refraction, total external reflection or diffraction.
(a) Compound refractive lens (CRL)

Because one conventional lens cannot substantially bendrAy due to refractive

index, one way to get around is to use many lenses. TBaropean Xray Free

electron Laser XFEL Materials Imaging and Dynamic 1ID) beamline uses two

CRLs(primary lens stack CRL:-1 and secondary lens stack CRR) to focus the X

ray beam.These CRLs are fabricated by drilling holes onto the beryllium block.

The axes of these holes are coplanand the beryllium are used for low Xray

absorption. The advantage of CRLiseasymaC1 | AT O AAAAOOA EO Al AOI

X-ray beam. The disadvantage is that the absorption and intensity loSSRLsare

used widely in XFEL, where the brilliance is strong enough to compensate the

loss) 060 Al O0i OOAA ET OUI AEdbeamlinelll31.1 EEA $EAIT
(b) Kirkpatrick -Baez (kB) mirrors

APS leamline 341D-Cusesa pair of K-B mirror sto focus the pencil beam to
around 600 nm in both horizontal and vertical direction [4-5]. Figure 1.6 shows a
diagram of K-B mirror pairs with two cylindrical mirrors [6]. The Xray beam
comes at grazing angle and is reflected by the two mirrors placing horizontally
and vertically, respectively. The advantage of such design including decoupling of

vertical and horizontal focusing small intensity lossand easily manufactured

(c) Parabolic/toroidal mirrors
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Such two mirrors system can be reduced to one to minimize the length of mirror
system. ESRF D9 useboth parabolic andtoroidal mirror sto focus the incdent
beam. Figurel.6 shows a figure of thetoroidal mirror used in ID-09, which has a
light bending along the beam path and strong bending perpendicular to the beam
path. However, such bending surface is hard to manufacture and often induce

aberrations.
(d) Fresnel zone plate (FZP)

FZP uses diffraction instead of reflection or refraction to focus the beam and is
widely used in photography. FZP consists of numerous circular gratingghich

x| OEO 1 EEA OEA EZ£AI T OO0 91 THé szé dgraking©Ocan A
be controlled to be close to Xay wavelength, so that the constructive

interference can be achieved at focalpoint downstream. The FZP has a good
focal length which ould go down to tens olhanometres An order sorting

aperture (OSA) is usually needed to define the beam after the FZP and before the
sample. Diamond beamline 113l uses a 40Q | diameter FZP with 150nm outer
zone width and 20t | OSA downstream §].

focus

Figure 1.6 (a) CRL made on diamond plate at ESRF. Image fronj (b) KB
mirror pairs. (c) Toroidal mirror.
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1.3 X-ray scattering at Rigaku Smartlab
With the development of Xray sources, so is the Xay basedmethods and
techniques.We are interested in using Lakbased Xray diffractometer to
determine the structure and quality of BaTiOz(BTO) thin film samples.
Therefore, this section is focused on #thin film related scattering techniques:
[-¢f] OAAT Oh Ol AEET ¢ Ad efedivipdkahiard reGdrokdl 1 AT CI A
space map. A manual for operating these scaissshown in appendixA and B
@f-c/ 3AAI
)yl OEEO AAOGAh | 1T AAT O OEA ET AEAAT O AAAI AT
angle. For a Rigaku Smartlab, the incident angledsinstead. Theg [and 5 are
moving in a symmetry manner relative to the sample stage. The offsktangleis
set beforehand aml kept compensatingthe sample surface plane angleThe
standard epitaxial BTO thin films have tetragonal structure at room temperature
with ¢ axis pointing out-of-plane and a ais in-plane. Therefore, thd-¢ | OAAT EO
along OOL directionin reciprocal space. The two importantpieces ofinformation
AOT i-¢c A OAAT AOA OE Aull @idtiAHalIf nikinQuen OFRVHM), AT A
which correspond tothe out-of-plane lattice constant and sample thickness,
respectively. The peak position is related to theout-of-plane lattice constant via
"OACCB30O 1 Axh AQL10 EHe relatiorEbletwek INFOVAIKD Bf T 1
diffraction peak and sample thickness is deriveéh detail and shown below.
Taking BTO thin film as an example and assuming there are N layer<bf ,
which form a certain thickness. The signal measured from the detector are the

amplitude of Xray, which can be derived as:

, u 0 Q
p Q : C
p Q i dE_Q

The amplitude will reach the maximum ifthe denominator of equation X equals

DO s Q2 Q P& @

to 0. This gives the condition fothe peak centre position:

0 %s € "QIQE O QQQI P& X
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The amplitude will decrease to zero if the numeratoequals to 0. This gives the

condition for the end ofthe peak:

— QIQ Q"QQ
UQ?E Qe 0O l pE W

C

Therefore, the full width half maximum of the centre peak (namedQ), or the

full width of the fringes gives the sample thickness Nd by

w oo~ G
Q —
] b pE w

Next inverse this equation to real space. Assuming the tvamgles at full width

half maximum are 1 and 2, then
w0l — i Q i@ —AI-O0Qe— PR T
Therefore, the sample thickness is given by:

0Q — — P p
TAT-0 Qe—

This is the general equation for the sample thickness imin film sample. In the

limit of approaching 0, the thickness is expressed as

L Q IOEE|—7AT—© p8)' C
This is similar to the Scherrer equation, which stated as:

. pd o

The Scherrer equation works for polycrystalline materials, whereg" stands for
the average grain sizeK is a dimensionless shape factor taccount for
integration over a given crystal shape. It can be used moinimize the difference

between experiment and prediction.
(b) Rocking curve scan

Rocking curve scan istscanovey x EOE AEQGAA ¢[ 8 4EAOAZEI OAn
scancanfollow HOO or OKO direction according to the sample stage rotation

anglen. A simple racking curve scan perpendicular to OOL direction containghe
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information of domain size4 EA Al I AET OEUA EO-cGEAAMI A AE
above. The only difference is the direction has changed from 0OOL to either HOO

OKO, or something in betweenlf the domain sizes areclose enough and regularly

distributed, this periodicity will also show up in a rocking curve scan as the

fringes.
(c) Reciprocal space map

Reciprocal space map (RSM) is twdimensional (2D) map instead of one

dimensional (1D) scanning in theabove two scans. Because the Rigaku Smartlab

EO ANOEDPPAA xEOE p$ AAOAAOI Oh OEEO-¢$ | ADPD
¢] OAAT AT A O1T AEET ¢ AOOOA OAAT h AEOEAO ( O
L direction contains the outof-plane information while H scan contains the in

plane information. Therefore, the RSM contains a combined information

including out-of-plane lattice constant, inplane lattice constant, irplane domain

periodicity, in-plane strain state.
(d) X-ray reflectivity

Smallangle Xray scattering is usually performed to measure the reflectivity of
thin film sample. Due to the finite size effect, the resulting adllations are related

to the film thickness by:

__OC;Q P® T

1.4 Bragg coherent Xray diffraction imaging

The Coherent Diffraction Imaging (CDI) was first proposed by Sayre dating back
to 1952 and lan Robinson performed the firsBragg Coherent Diffraction

Imaging (BCD) experiment on Au nanoparticlesn 1991 [9-10]. Through 20

years developmentBCDI isnow a powerful Xray technique for investigating the
structures of nanocrystals in three dimensions on the 30 nm resolution scale
using third generation synchrotrons. The advantage of BCDI is its high
sensitivity to the distribution of nanoscale strains inside the nanocrystal under
investigation [11]. BCDI is a @ imaging method that is particularly valuable for

probing the responses of individual nanosized crystal grains embedded in an-in
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situ environment, such as golycrystalline material, a batteryelectrode,or a

working catalyst particle [12-15].

1.4.1Prerequisites

A BCDI experimentrequires acoherent or partially coherent beam. The
coherence of Xray beam can be quantitatively determined by twaoherence
lengths: the longitudinal coherence length (temporal coherence length) and
transverse coherence length (spatial coherence lengtljl6]. The longitudinal
coherence length arises from the fact that the-¥ay beam from the
monochromator does not hae a single wavelength, but rather a distribution

over a range. The typical Si DCM working at (111) reflection, the wavelength

distribution @~ is about 1.3 p 1 . This results in a 500nm longitudinal

coherence length.The transverse coherence length idue to the Xray source not
being point-like, so that the incoming Xray is not purely plane waveFor a
coherence beamline like DLS 113, this length is larger than 30I. In order to
secure the coherence of incoming-¥ay beam, the sample size should bersller

than the coherence length.

The other relevantlength is the beam size, which can be adjusted by beam
defining slits and focusing opticsThe slits are set to equal the transverse
coherence length, and the beam can be focussed smaller afterward$ie sample
size should be also smaller than the beam size in a BCDI experiméiat.

coherent optics, the focal size scales inversely with the entrance beam size,
which can be adjusted for larger samplesTypical JJ slits sizes and beam sizes at
sample stag at APS 34D-C are given inTable 1.1.

Table 1.1 Horizontal and vertical slit sizes and their corresponding focus size at
sample stage. Value measured by Wonsuk Cha.

Horizontal slits Horizontal focus _ _ ) Vertical focus
i Vertical slit (t 1)
Tt (nm) (nm)
30 690 70 450
25 810 60 550
20 970 50 670
15 1270 40 840

18



10 2500 30 960

20 1510
15 1960
10 3580

1.4.2Measurementsand corrections

After illumination by the coherentbeam, the diffraction pattern is collected by an
area detector at the farfield position around a Bragg peakGenerally, this is done
by rotating the sample stage in small steps and collecting 2D diffraction patterns,
which are then stacked into a 3D diffraction patternThe fringes surrounding a
Bragg diffraction peak, due to the external shpe of the crystals, can be

oversampled with respect to their spatial ShannofNyquist frequency[17].

Several treatments are usually performed to raw diffraction patterns before
feeding into the reconstruction scripts. Firstly, the white fieldcorrections are
needed to cancel out the variation due tthe detector pixel sensitivity to the X
ray radiation. For example, APS 34D-C usesASI Quad (512x512) Tinepix chips
with GaAs absorber, which needs to be corrected usirgwhite field. Secondlya
dark field correction is done to remove the bad pixels on the detector. Thirdly,
unwanted noise or diffractions from other crystals are cropped out. Then the
binning of raw data is sometimes needed to lower down the data size, so as to
decrease the working load of phase retrieal. Finally, zero padding can be used
to adjust the pattern array size, which is also the size of reconstructed object

array.

1.4.3lterative phasing
Because the detector in use onlgecords the intensity of diffracted X-ray, which
is the square of the amplitude, the phase information is lost in the measurement.

To retrieve the missing phase, Sayre proposed to oversample the diffraction

pattern at a frequency finer thanP cd where a is the sample siz€lB]. As long as
the question is overdetermined, thereare two effective ways toget the phase
back: One is through iterative phasing algorithms, which involve Fourier

transforms between real space and reciprocal space back and forth. Figur&
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shows a typical phase retrieval loop. In this work, all the reewstructions are
done through iterative phasing method. The other method is through machine

learning, which does not involve Fourier transform [.8].
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Shrink-wrap *Guided algorithm *

Figure 1.7 A schematic showing of iterative phasing loogdmage remade from

[17].
The iterative phasing starts with a guess supportyhich is an initial guess of the
crystal shape. A prior knowledge of the sample shape could aid the convergence
of the solution. Without prior knowledge, itis normally set to be a&ox with half
the array size as a flat start. The starting support can also be a random object
with any phase. This can be used to test the reproducibility of reconstructed
results by vary the starting support. The phase retrieval can also start from
previous reconstructions or selfbuilt support, which are used to deal within-

situ battery dataand LBCO single crystal in our previous works.

After feeding into the loop, the initial support is transformed back and forth
between two spaces while the constrimts are applied. The reciprocal space
constraint is the measured diffraction patternamplitude, while keeping its
phase The real space constraint is where the different algorithmare applied.
Table 1.2 listedsomealgorithms used in this work.Some algorithms have been
published already[19-23]. The otherswere written and added into the

reconstruction package by Jesse N. Clark.

Table 1.2 The descriptions of different algorithms.

Algorithms Descriptions
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ER[19] =" JY
ERs g 087 AAOC oY
ERAMP $ sAO0C
SF[20] ¢JOY p O
SFh-ER
ERh-SF
Making shift of SF/ER based oiiteration number.
ERSFER
ERSF
GHIO Y p YO" 1O L RON O
HIO[19] " "JY p YO' [ O
HOOR " p 1TO_ p T 1 FQ oY 120
p T 20 JY
p 1 " M@ Q@& Gy » 10
0" Y@ "Qf@ & Gis an operation for amplitude and phase. If
the phasenQs smaller thanf@ "Qé&hen the amplituded & 1is
pcj-HIO | written by Y & P é RQ /'@ "Qéwhile the i"Qwould be written
asn@ "Qdf the phasa)'Qs larger than @ gihen the
amplitude & & fig written by © & /PO E Q. ('@ O cand ’Q
would be wrriten as )@ & aOr else, the)'Qand @ & Rvould keep
unchanged.
HIO-AMP i p I ®SsAAOC * 1T ¢gsAO0C
” p I B”"OYWHB " 13 67 YO
6 " hohd is an operation for amplitude boost. If the amplitude of
HIOb " is between dot product of maximum amplitude withé and ¢ it
will be increased to the dot product of maximum amplitude with
0.
HIOS p T 35. 3¢” A OCIY (RO AN o) -2
A OCIY
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A OCIY
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HIOso

Switch between HIO and HIOs. The default setting is to run one
HIOs followed by four HIO.

HIOd

" p 1T 207 C)Yv‘r]slﬁDQ "1 0 (O

0 ") £ IWQ is an operation for amplitude. If the amplitude of
is larger than dot product of maximum amplitude withGQ then
the amplitude would beg’ % A O'COY. If smaller, then the

amplitude would bes 3%

HIOp

C4

' p T D"OMem@ " 10
oW € 16) Q1 @
0 i) £ [B) Qi isan operation for amplitude. It considers the
size of the data array'Y dlt takes the value of) 'Q i0%ds the
threshold. If the amplitude islarger than threshold, then the
amplitude would bes’ 0%  0A O'COY. If smaller, then the
amplitude would beg 3%

HIOv

” p T WO Oa” 1T o OWoa
@ "R & &8 an operation for amplitude. If the amplitude is larger
than the dot product of maximum amplitude with0 & then the
amplitude would be set to average amplitude. Or else, the
amplitude would beg J%

RAAR[21]

” ™I O cOY p OcT p 1 O

RAARvV

” MIOTH” O ¢D” O¥r ¢J ¢J 0
(NS
0 " hX is an operation for amplitude. It first normalizes” and

then multiple by & Then it is rounded and normalized again.

GRAAR

” .’.[8) q. O C O‘Y p O c 3’ ” ” ” ” p
e

ASR[22]

” .’.[8) O c O‘Y p 3 C 3’ ” ”

HPR[23]
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MEM

If it is the first iteration, then
” - ” O‘Y
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If it is not the first iteration, then

» " b B0 gy

For illustration purpose, two ball shape crystals with radius of 16 pixels were
built in 256 256 256 arrays. The first crystal(named Ball A)was assigned with
zero phase inside. The second crysté@hamed Ball B), for comparison, asigned

with c onone hemisphere and ) c phase on the other hemisphereThe

crystals were then fast Fourier transformed EFT) back to the reciprocal space,
where the phases wergemoved,and the amplitudes were squared to get the
intensity. Figure 1.8 shows two crystals built and their corresponding diffracted

intensity.

(a) , (b)
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Figure 1.8 Two simulated ballshape crystal are listed(a) Ball Awith no strain.
(b) The central slice of the diffraction is shown. The diffraction pattern was got
from FFT of crystal in (a). (c)Ball Bwith different strain on hemisphere is
shown. (d) The central slice of pattern got from Crystal in (c)The colour bas in
(a) and (c) showsthe phase.

The two typical onesin use are Error Reduction (ER) algorithm and Hybrid

Input-Output (HIO) algorithm. Inthe ER algorithm, the amplitude of
23



reconstructed object is kept The phase inside the object is also kept, btlte
amplitude and phaseoutside the support areset to 0.It has the advantage of fast
convergence, but sometimes stagnates at local minim&/hile in the HIO
algorithm, suchamplitude and phaseare decreaseal by a factor rather thangoing
to 0. Practically, different algorithms are combined together to help avoid
stagnation at local minima. Figurel.9 showsone example othe error metrics
changes throughthe reconstruction of the crystakin Figure 18. It has useda
combination of ER and HIO glorithms for phase retrieval. Here the error metrics
... are defined in the reciprocal space, by comparing the measured diffraction

pattern and the Fourier transform of the reconstructed objects:

B % $  Wss
BS

P v

A similar definition can be drawn to depict the differencametrics ‘O between

different reconstructions:

B % 9 B
B

Ball B
—Ball A|1
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Figure 1.9 The error metrics of each iteration in a reconstruction using a
combination of ER and HIO algorithms. The phasing starts with ER algorithm and
triggers at iteration 10, 30, 40, 160, 201, 280.
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The reconstruction results from other combinations of algorithms are showim
Table 1.3. All the reconstructions are valid solutions with a confidence related to
the chi-square error metrics.

Table 1.3 The reconstructions of the crystals in Figure B.using different

combination of algorithms. The ypical 300 iterations were run with a default
trigger [10, 30, 40, 160, 201, 280].

Algorithm Ball A Ball B
g Contour view | Slice view Contour view |  Slice view
Script... ™ty b Script... 1™ xh
ERHIO e
Script... 18t xR Script... ™ whk
ER+RAA
R
Script... ™ty x b
ER+HPR
Script... 181 Yk
ER+ASR

Phase
—TU I . U
Shrink-wrap (SW) can also be applied to help cropping out the lovdensity
regions or noises in the reconstructed result$24]. It is a way to periodically
update the support. One way to achieve this tsansforming the support into
reciprocal space, doing convolution with ahape function (usuallygaussian

kernel) and then transforming back to real space.

Figure 1.10(a) shows theSWthresholds and their correspondingreconstruction

error metrics of Ball A The turning pointat 0.39is believed to bewhere the SW
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starts to cut the crystal.Figure 110(b) presents the reconstruction result using a
threshold of 0.25. Figure 110(c) shows the SW variation of Ball B, where the
turning point is around 0.36. Figure 110(d) shows the reconstruction result of
0.25 threshold.
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Figure 1.10 (a) Error metrics variation when reconstructing Ball Ausing
different SW threshold. (b) The reconstruction results of Ball A when using a
shrink-wrap threshold of 0.25. (c) Error metrics variation when reconstructing
Ball B using different SW threshold. (d) The reconstruasn results of Ball B
when using a shrinkwrap threshold of 0.25.

Guided algorithms (GA) are also used in this worl25]. Instead of having one
initial support, GA starts with several starting guess, or soalled populations.
After each reconstruction blok (called generations), it stopped and determine
which is the best reconstruction result. The normally used criterions are chi
square error metrics or sharpness When the best result is determinedseveral

supports are generated based on this result to feed into another generation and

26



do reconstruction again. Low resolution method is usually used in first several

generations to help reach the global minima faster.

The final reconstructed object is oe set of the two conjugate results, as the two

patterns with same amplitude and conjugate phase gives the same intensity.

Therefore, the phase difference or derivative are more meaningful terms for
AEOAOOOEIT T 8 yT o011 A AAOAGscridanbeOEA DEAOA
applied to unwrap the phase based on its continuity in 2 or 3 dimensions

To sum up, the phase retrieval is a cage-case process. It worksvell for high-

quality diffraction pattern s, but for less good patters some parameters may

needto be optimized.Also, because the phase retrieval grone to givemulti ple

solutonsh E 08 O Auvagshalk AbBuAthe ré@dnstructed results withtheir

error metrics, usually the chisquare defined above

1.4.4 Applications

BCDI has theability to probe the local displacement field and strain information

inside the crystal with sizeupto2 TET OUDEAAI AAAI 1T ET A8 )
applied to various materials systems and brough new insights into different

fields.

(@}
Ou
O\

(a) Amplitude and phase inbrmation

For every reconstructed image, there are both amplitude and phase information
embedded. The amplitude, or s@alled Bragg density, is a depiction of the
distribution of electron density. Therefore, it defines the crystal shape and
morphology. It is also sensitive to some defects. The additional phase
information is directly related to the lattice distortion as illustrated by lan
Robinsonet alin 2009 [11]. The linear relationship between the phase and the
displacement field is exploited to expligly map out the displacement inside

nanocrystals since then.

Gold nanocrystals were widely studiedpartially because they have large atomic

number and give strong diffraction single. Also, the crystal has only one element

with a simple crystal structure.) 08 © A Ci T A 11T AAl OUOOAI O1 A
BCDI. Still, many interesting physics have been observed in these sysseKiong

et al studied the copper evaporation onto the dewetted gold nanoparticles and
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carried out both spatial and temporal measurment [231]. Thecopper diffusion

into the gold nanocrystal upon time was determined by observing the amplitude

and phase map as shown in Figurg.11. The atomic diffusion channels could also

@&
5
® é

be seen in the amplitude map.

Phase (rad) Amphtude

Figure 1.11 The reawnstructed phase (left) and amplitude (right) images of Au
nanocrystal upon diffusion of Cu atoms. The diffusion times are 0 hrs (a), 2 hrs
(b), 4 hrs (c), 6 hrs (d), 8 hrs (e) and 10 hrs (7). The scalebar is 100nm2g1]

(b) Probing dislocation

Because the diplacement field can be carefully measured through BCDI, the
dislocation could be determined by fitting the displacement around lowdensity
core in BCDI images with linear elastic model. Figure 2Ehows an example of
mapping out the movement of dislocatns inside CaC&during growth and
dissolution [14]. There are more dislocations forming during the growth of
calcite crystal. However, during the dissolution, although the crystal volume
shrinks a lot and back to the volume of initial stage, humerous dislocations still

preserved inside.
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Figure 1.12 Defects network within a calcite crystalat initial stage (a), after
growth (b) and dissolution (c, d) [14].

The ability to probe the dislocation was widely used in battery study. Figure 131
shows an example of tracking the dislocation movement during charging of

spinel LiNio.sMn1.504 materials. The dislocation lines were found to move around
during charging, indicating their instability. By examining the displacement field

around dislocation lines, their types are determined to be edge dislocation.

Figure 1.13 Dislocation movements upon charging in lithium battery. 15]

(c) Srain mapping

Another important direction is to precisely measure the strain fields inside
nanocrystals by more than three norcoplanar Bragg peaksFigure 1.14 shows
an example to use BCDI to study the effect of focused ion beam imaging on
nanocrystal. The full strain tensors of Au nanocrystal were measured and

calculated, which is shown in Figure 14 (c) and (d). Combined with finite
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element analysis shown ine) to (g), it indicates the strain is coming from Ga

implantation.
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Figure 1.14 Full 3D lattice strain tensor after focused ion beam imaging232]
1.5 Total scattering
The total scattering method is used in thishesis for determining the local
structure of crystalline materials [26]. The basis of the method is to measure or
calculate the btal scattering structure function"Y0 , whichis defined by

Yu TA.)_ P& X

[d] is the compositional averaged scatteringmplitude of the atoms andQ0 is
the total intensity containing Braggpeaks, elastic and inelastic diffuse scattering.
The Bragg peaks are rising from periodic longange structure. The elastic diffuse
scattering contains the static local structure, raging from short-range order to

medium-range order. The inelastic scattering contains moving atoms dynamics.
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Other structure functions could also be defined. For example, theduced

structure function, F(Q), could then be defined:

"Ov 0 YU p P

The aomic pair distribution ” i could be defined as:

P C
T 10 i P W

i T QI
T

"Qi is called the atomic pair distribution function and” is the number density

of atoms in the system of N atomg is Dirac delta function
The widely used educed pair distribution function, "Oi , is defined as

Ol ™7 Qi p P8 T
Radial distribution function could be further defined:

YiootTi Tl Qi P& p

From reduced structure function to reduced pair distribution function:
) 1 c " ol A A ) ol
Ol - Ouv OEU1 Qv P8 ¢

From reduced pair distribution function to structure function:

YO p "0i OEdi Qi pg o

Ccqo

From reducedstructure function to radial distribution function:

— 5 00 OEd i Q0 P8 T
All of these distribution functions have their advantages and history. From the
simulated structure, one can calculate the distribution function and compare

them with the experimental scattering data.

The typical two sources to do these PDF experiments arerXy and neutron
sources.There are differences between neutron scattering and Xray scattering,

along with electron scattering Firstly, X-ray is an electromagnetic vave that
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interacts with the electrons, so the intensity is strongly dependent on the atomic
factor. Light atoms make very few contributions to the diffracted intensity in the
presence of some heavy atoms. Neutrons is however a particle wave that
interacts with the nuclei. This makes neutrons scattering very sensitive to light
atoms. In this PMN system, the O will give a very strong scattered intensity in
neutrons scattering but not Xray scattering. The second difference is that in X
ray we usually use theatomic form factor to describe the electron cloud shape,
which is dependenton Q Such a factor and scattering intensity will decrease
sharply at high QTherefore,E 06 O O A Oy 6 deOgbod Ailalldy d&ta at
EECE 18 (1 xAOAOhR hadesAch & Mglimitation, dolit AsDdlly O
gives very good signal and works better at high ®lowever, at low-Q range, the
neutron scattering usually suffer from the Fourier ripples or termination errors

and sometimes give meaningless information.
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Chapter 2. Barium titanate oxide as a ferroelectric material

2.1 Polarization and ferroelectricity

2.1.1 A brief history

The understanding or even the discovery of the polarization related properties in
materials takes a long time in history 27]. Thepyroelectric phenomenon has
been known for at least two thousand years, where it was first documented by
the Greek philosopher Theophrastusg8-29]. The reason for this early discovery
is that manynatural materials show considerable pyroelectricity, suctas
tourmaline mineral [29]. The attempts to quantitatively study the pyroelectricity
properties led to the discovery of piezoelectricity in 1880, when the Curie
brothers realized the different pyroelectricity from uniform and non-uniform
heating is causedy thermal stress R7,30]. The first ferroelectric material was
reported in 1920, in which the polarization of Rochelle salt (NaK&140s3H20)
was found to be reversible by external electric field31]. But Rochelle salt has a
complex structure containing bur formula unit cells with 112 atoms, and it
remained to be the only ferroelectric until the discovery of KlPGQ: (KDP) and its
isomorphous crystals called KDHerroelectrics [32,33]. KDP series have a
simpler crystal structure but involves hydrogen bond in the structure. Different
possible arrangements of hydrogen lead to different orientation of (EPQy)

dipole units, so that the properties of KDP depends on the-éiynamic.

Theories were proposed to explain the origin of their ferroelectridy and many
considered the hydrogen bond to be the essential condition for polar instability
to give ferroelectricity [34-36]. However, this assumptiorwas displaced with
the discovery barium titanate (BaTiQ, BTO) inthe 1940s where no hydrogen
bond exidgs in the crystal structure [37]. Due to the simplicity ofits perovskite
structure and its stability, BTO became one of the most studied ferroelectrics for
decades. The big family of perovskite ferroelectrics also grew quickly, with
PbTiGs (PTO) reportedin 1950 and Pb(ZkTi1-x)Os (PZT) discovered in 1952
[38,39]. These materials remain to be the base materials for studying
ferroelectricity until now. With the growth of the ferroelectric family, so
followed the application of ferroelectric materials. BTQfor example, is widely

used for its superior dielectric constant in the electronics industry. Recently, the
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ferroelectric random-access memory (FeRAM) has been developed for the low
power usage and fast write performance. BTO is a suitable material fanch

kinds of application because it is both cheap and leddee [40,41].

2.1.2 Structure origin of ferroelectricity
Before enteringA ODAAEZEA OOOOAOOOAh EOS8O ET OAOAOOI
some crystallographic terms. These terms are well documéed in textbooks of

different fields, but sometimes used in a confused manner.

Table 2.1 Crystallographic terms and their definitions.

Terms Definitions [42-44]
| £FO0AT OEIT OOAT Ol dwohic dsdibuiad A

within a crystal. Only when neglecting all possible defects

Crystal structure | ) o )
in the structure, should we consider the periodicity defines

the lattice of the structure.

An infinite set of geometric points (known as lattice nodes)
Lattices that representthe translational symmetry of an ideal

crystal. The number of possible lattices is infinite.

Description of geometric arrangement of lattice points, and

_ _ therefore the translational symmetry of the crystal. There
Bravais lattices _ o _ . . .
are 14 Bravais latticesm three dimensions: simple cubic,

~ o~ A o~ o~

body-centred cubic, faceA AT OOAA AOAEAN

A grouping of lattices according to the axial system. There
Lattice systems | are 7 lattice systems in three dimensions: triclinic,
(Lattice types) | monoclinic, orthorhombic, tetragonal, rhombohedral,

hexagonal, cubic.

A classification of lattice according to the point grop.
There are 230 unique 3D space groupsThese
Crystal systems | crystallographic space groups can be sorted into 7 crystal

systems triclinic, monoclinic, orthorhombic, tetragonal,

trigonal, hexagonal, cubic.
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A combination of crystal systems. There aré crystal
Crystal families | families in three dimensions: triclinic, monoclinic,

orthorhombic, tetragonal, hexagonal, cubic.

' A classification of the symmetry groups of the external
Geometric . .
shape of macroscopic crystals. There are 32 geometric
crystal class . . _
crystal classes in three dimensions.

A combination of geometric crystal classes (32) and
corresponding Bravais lattice types (14). There are 73
arithmetic crystal classes in three dimensions.

_ _ For example, the tetragonal structure has 7 geomeui
Arithmetic ) L o
crystal classes: 41, 4/a , 422, 41 &,14 ¢, 4/4 & &; It has
crystal class ) ) .
two Bravais lattice types: Primitive (0) and Body centred
("® This combines to 16 arithmetic crystal classes: 4P, 4l,
T0,TQ4/4 0, 4/a "O4220, 422040 & 4 44 G 0

1¢4 0,Ta ¢, T COrch ™G 6 & 04/d & & O

Ferroelectricity is a characteristic of the crystal with two or more identical and
spontaneous orientation states in the absence of electrical field. These
orientation states, namely the electric polarizatio, can be reversed or change
from one to another by an external electrical field. This reversibility of
polarization is a unique feature of ferroelectricity, as all substances have
electrostriction and could react to the field in a norreversible manner. @ the 32
geometric crystal classes, 11 classes are centrosymmetric with no polar
properties, therefore appear neither ferroelectric nor piezoelectric. In the
remaining 21 norrcentrosymmetric geometric crystal classes, 20 of them exhibit
the piezoelectric dfect, that is thechargestress coupling phenomenon. In these
20 piezoelectric crystal classes, 10 of them have a unique polar axis with
spontaneous polarization. Because these spontaneous polarizations are
temperature dependent, the 10 crystal classes artermed as pyroelectric crystal
classes. Ferroelectric crystal classes can be consider@sthe subgroup of
pyroelectric classes, as all ferroelectrics show pyroelectricity. However, it is

suggested not to solely define ferroelectricity using a purely cstallographic
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definition because of the experimental limitations in two ways: 1) Polarization
reversibility may not be seen everwhen a material isferroelectric. For example,
the crystal imperfections, the electric conductivities, the temperature and
pressure all affect the reversibility of polarization. 2) Polarization reversal does
not necessarily meara material isa ferroelectric. For example, the polarization
can arise from a metastable phase due to the temporary application of a
switching field [27].

Perovskite ferroelectrics have a chemical formula of ABOwhere A and B are
cations.In perovskite structure,there is a semiempirical relationship known as
Goldsmith factor or tolerance factoi{45]. It calculates the geometry of atoms in

cubic phase as:

Y and’Y arethe radius of Asite, B-site and oxygen ionic radii, respectivel. If
the tolerance factor is bigger than 1, it means the-Bite cation is relatively
smaller than Asite, so that it has more free space to move around in its oxygen
octahedral cage. This smaller Bite is usually related to high dielectric or
ferroelectric properties [46]. If tolerance factor is equal to 1, it means the-gite
and B-site match in size perfectly. If tolerance factor is smaller than 1, it
represents a smaller Asite relative to B-site and the A cation can move around

its cage of oxygen neigbours.

2.1.3 Phase transitions

From low temperature to high temperature, most ferroelectrics would go from
low symmetry to high symmetry lattices, although in some cases the highest
symmetry phase is not achieved before the melting point. BTO has a perkis
structure, where the titanium cation sits at B site in the oxygen octahedral shell.
The phase transition is presented in Figure 2(&), where it has a rhombohedral
lattice (trigonal crystal system, R3m) at lower temperature, going into
orthorhombic lattice (B2mm) at 203 K, and then to tetragonal lattice (P4mm) at
278 K, and finally goes into cubic lattice (Pm3m) at 39K [47]. The lattice
constant changes over temperature are shown in Figure 44) [48].

Interestingly, there is a gap in transition temgrature between heating and

36



cooling down. Such a transition delay is usually seen in glasses, where the
disorder system needs timeand activation energyto cooperatewith the
transition. While in BTO, the disorder is believed to come from the different

alignments of spontaneous polarization.
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Above Curie pont
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Figure 2.1 (a) Phase transitions of BTO. Image fromd)/]. (b) The changes of
lattice constant with temperature. Image from #8].

The ample phase transitions with different crystal systems lead to various
properties. BTO shows ferroelectricity in rhombohedral, orthorhombic and
tetragonal lattice systems, which are all termed as ferroelectric phases. The polar
axes for the three ferreelectric phases are crystallographic 111, 110 and 100,
respectively. BTO has no ferroelectricity in its cubic phase, at least globally,
which is termed a paraelectric phase because its polarization responds linearly

to the applied field.

Different phase dagrams could be generated when varying one factor and
controlling the others. Two examples are given in Figure 2.2. The first graph
shows the phase transition temperature is decreased with the increase of
pressure [49]. The second graph shows the change$ Curie temperature with
in-plane strain when the BTO thin film has the-axis pointing out-of-plane [28].
The solid line is the result from thermodynamic calculations, while the points
inside the graph are experimental result. This tetragonatubic phasetransition
could increase to more than 80K with a-1.7% in-plane strain. This substantial
strain is acquired by carefully choosing the substrate lattice constant supporting
a thin film and is hard to acquire in single crystal, where numerous mechanisms

would happen to relax the large strain. There are also phase diagrams for
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domains, where different configurations of domain structures are of interest and

mapped out @1].
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Figure 2.2 General phase diagrams of BTO. (a) Experimental phase transition
temperature as a function of pressure. The solid lines are guide for eyes. Image
from [49] (b) Thermodynamic calculated and experimental cubidetragonal
phase transition temperature (Tc) of(001) BTO thin film under biaxial in-plane
strain. Image from [24]. The circles represent the results from reactive molecular
beam epitaxy (MBE), while the cube represent the results from pulsiser
decomposition (PLD). The red colour denotes the BTO thiilm grown on
DyScQ@ substrate, while the blue colour denotes the GdSeGubstrate. Images
from [50].

2.1.4 Soft mode

Microscopic models and lattice dynamics have helped to understand the nature

of ferroelectric phase transitions. The structural phase transition is usually

AAEET AA AO AAET ¢ AEOEAQEDABOARIOAA BOUAASOURA A
longstanding discusion in the scientific literature about the relative merits of

both models.
(a) Displacive model

The displacive model is straightforward, given the simplicity of perovskite ABO
structure. In the displacive model, the T4 cation is displaced offcentre within

the & anion octahedron. The phase transition occurs when this average position
changes its symmetry. Figure 2.3 shows a typical image of how th&-Ti

displacement happens in BTO unit cells.

The basis of displacive model could track back to 1950, wh&iater proposed
there is a longrange dipole force tending to destabilize the local higlsymmetric

configuration [51]. Now the model is built on the lattice dynamics, where one
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lattice mode is considered to describe the displacive lattice instabilitys].

Generally, there are three deformations to consider: long wavelength

homogeneous deformations (zone centre acoustic modes); long wavelength
inhomogeneous deformations (zone centre transverse optical modes); short
wavelength deformations (zone boundary opical modes). The long wavelength
inhomogeneous mode involves the ionic motions of all constituent atoms, which

is designated as the basic variable and is the€oAl 1 AA OOT £O 11 AAd

phase transition.

When getting close to the phase transitin temperature “Y, the frequency of this
soft mode substantially decreases. This is why it is called soft mode or freezing
mode. Microscopically, the restoring force of vibrating positive and negative ions
are lost or weakened when approaching théY. Therefore, the ions are displaced
to new off-centre positions. The reducing soft mode frequency is described by
#1 AEOAT 60 1 Axq

] 0"y Y c8

0 is a constant and iSYis Curie temperature. In displacive model, the driving
force of phase transiton is the softening of the zone centre transverse optical

mode.

Cubic phase P P

Figure 2.3 Typical crystal structure of BTO. (a) Cubic phase unit cell. (b)
Tetragonal phase unit cell with T+ displaced upward. (c) Tetragonal phase unit
cell with Ti#+ displaced downward. Image from p3J.

(b) Order disorder model

The order disorder model involves patially occupied sites and the symmetry of
this occupancy. Figure 2.4 shows a typical eigisite order disorder model for
BTO, which is proposed in 1968 by Come$4,55]. In this model, the B&+ (A-

site) and oxygen can be treated as static, while the4Fi(B-site) has eight
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crystallographic 111 positions to occupy. The phase transition occurs when the
breaking of occupational symmetry starts to happen. In an ordedisorder phase
transition, the soft mode as described in displacive model (zone centre
transverse optical mode) does not change with temperature. However, another
central mode describing the relaxation type excitation becomes strongly
temperature dependent and showing damping, which can be used as a signature
of order disorder type in spectroscopy[56]. This central mode frequency is

linked with dielectric constant viathe Debye relaxation relation.

o op Oo

Figure 2.4 Eight site model in a BTO unit cell. Image fronbh]

The phase transition in a specific ferroelectric can bene ora mixture of both
types. For example, the ferroelectric transition in PTO is reported to be the pure
displacive type [57]. Historically, BTO was thought to be a textbook displacive
type ferroelectric. Now it is well accepted as a combination of diacive and
order-disorder type material [58-60]. This is quite relevant to the local structure,

which is discussed in detail in Chapter 2.5.

2.1.5 Phenomenological theories

Phenomenological calculations based on Landa@inzburg-Devonshire has

proven to be useful in studying ferroelectrics, such as predicting the phase
transitions and describing temperature dependent properties. Most of the phase
field simulations are also impicitly based on the continuum theory underlying

the LGD theory. It is a purely macroscopic theory equivalent to mean field theory,
where it averages out the longrange interactions and fluctuations to reduce a

many-body problem to a onebody problem.
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(a) Landau theory

Landau theory is a general theory for describing secondrder phase transitions
in 1937 but can also be extended to firsbrder phase transitions under external
field as shown in later studies §1]. In Landau theory, the thermodynamic
potential (or free energy, such as Gibbs free energy) of the system can be
depicted as an analytic function of its order parameters, suitably defined. This
function is then Taylor expanded in the form of different powers of order
parameters near the phase trangion temperature. This Taylor expansion only
includes the even powers, as all the odd powers are omitted due to certain

symmetries:

o¥ 0 Pov- Pov- Pave e &
S T ¢

Tis the temperature ands is the order parameter, which depicts the strendt of
perturbation linked to the structural change. This order parameter is
constructed in such away that it is non-zero in the low symmetry phase and zero

in the high symmetry phase.

The physical reason for this expansion is related to the soft mode degued

above. Because restoring force of a certain lattice mode becomes frozen or soft
when approaching the phase transition, the amplitude of this mode becomes
large enough to supress all other modes. The total energy is the sum of all lattice
modes, as irthe Debye theory. This total energy can be approximated as the
expansion of the amplitude of just this soft mode when it becomes dominant
[62].

(b) Landau-Ginzburg-Devonshire theory

Many extensions and applications of Landau theory have been proposed kit
regard to different systems. One of the famous extensions is Land&inzburg
theory, which serves as a mathematical description of superconductivity. The
Landau theory was applied to describe ferroelectricity by Ginzburg in 1945 and
Devonshire in 1949 irdependently [63]. Therefore, the developed

phenomenological theory for ferroelectricity is called LandatGinzburg

41



Devonshire (LGD) theory. The crucial assumption for ferroelectrics, is to identify

the order parameter as the polarization, thus the free engy can be written as:
oY O°Y |0 Y | 0 Y | 0 Y E 00 c8

| Is temperature dependent, crossing zero at the phase transition, and usually

takes the form of:

| Y 'Y B
¢- 0 °
| and| are higher-order dielectric stiffness coefficients at constant stress.

When the electric field E=0, the polarization forthe minimization of free energy

can be calculated as

5oy | | a | @

Notably, this is a simple form in one dimension and considering only the
polarization to be the order parameter. To depict a real ferroelectric system,
more quantities need to be addedd4-66]. For example, the elastic strain
accounts for a zonecentre acoustic mode which causes the phase transition.
However, it is not associated with the softening of polarization related zone
centre optical mode. These factors canebadded directly to the free energy
expression and treated as secondary order parameters, because they are
independent of the primary order parameter. If the polarization in three
dimensions, the lattice systems with specific atoms and grain shape are tted
in detail, then even more terms need to be considere®7,68]. In real case
certain modification of free energy expression is needed based on the question of

interest.

2.1.6 Physical Properties
Both the soft mode theory and phenomenological LGD thephelp to understand
the properties of ferroelectric. Although the starting point is different, they do

come to the same conclusion and show a inter connection.

(a) Dielectric property
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The dielectric permittivity can be directly calculated from LGD theoryf only the
second power of polarization is considered, then the expression for free energy

can be written as:
O O°Y | 0 Y 00°Y &

The minimum free energy takes place at:

— O ca

gy P
ST g Y Y
The dielectric permittivity can be calawlated as:
0 &0
P p ~ Y C

The electric susceptibility in this equation is the famous Curi&Veiss law:

5
N Y

QI

Figure 2.5a shows an example of the dielectric constant over temperature for
BTO, where dielectric constant raches 4500 at room temperature and reaches
the maximum value at the Curie point47]. However, this value is strongly

dependent on the grain size and other factors, as illustrated later in this Chapter.
If the electric field is a harmonic alternating field it can be expressed as:
O 00Q P p
Then the polarization is expressed as:
0 - ..0Q 0Q P C

Thel means angular frequency and theta is the phase shift. The electric
susceptibility in this case is also frequency dependent and complex. The real part
and imaginary parts are called dielectric dispersion and dielectric loss,

respectively.

The CurieWeiss hw can also be derived from the lattice dynamics point of view

by either the displacive model or orderdisorder model. Taking the displacive
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model as an example, according to Lyddar@achsTeller relation [69], the

dielectric constants are connected to theptical phonon frequency:

¢po

The- 7Y is static frequency of dielectric constant and  is transverse optical
mode frequency, both of which will change with temperature. The is the high
frequency dielectric constant and  is the longitudinal optical mode frequency,
both of which can be viewed as constant over temperature. By sulistiing the

equation 2.2, the CurieWeiss law is obtained.

Ferroelectric materials behave similarly to ferromagnets in the sense of
hysteretic behaviour. Figure 2.5b shows the hysteresis loop of BTO at room
temperature [70,71]. When the external electricafield is applied to the sample,
the inner spontaneous polarization will align accordingly and become parallel to
the field when saturated. When this external field is removed, the polarization of
a paraelectric material would decrease to zero. However, fderroelectric

material, the polarization would decrease to a nonzero value. Additional negative
field is needed in order to switch the polarization direction. This hysteresis loop
is also timedependent. Figure 2.5¢c presents the hysteresis loops at diffant

temperatures [70,72].
(b) Piezoelectricity

Piezoelectricity quantifies the interaction between stress and electric field,
measured as the derivative of polarization with respect to stress, of which the
‘Q component is the most important p3]. Some god piezoelectric performance
materials are Pb(ZkTi1x)O3 (PZT,Q =374 pC/N) and relaxor type single crystal
such as (PbMgs Nbz3)1x-(PbTiOs)x (PMN-PT,Q =1500 pC/N) and

(PbZnyz Nbzi3) 1x-(PbTiOs)x (PZN-PT,Q =2200 pC/N) [73-76]. Single crystal
BTO, however, has modest piezoelectricity at room temperature witk =90
pC/N along 001 crystal orientation, which is the polar axis in the tetragonal
phase. A higher piezoelectricity withQ =190 pC/N can be achieved by applying
a suficiently large electric field along the 111 crystal orientation f7-79]. By

heating the BTO crystal from room temperature to the tetragonatubic phase
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transition temperature, the’ Q value rises from 90pC/N to nearly 350pC/N for
001 oriented BTO singk crystals. While for 111 oriented BTO single crystals in
the same temperature range, th& value decreases as temperature increases

[78,80].
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Figure 2.5 (a) The dielectric constant of BTO along a and ¢ axes. Image frofi7}[
(b) BTO hysteresis loops at room temperature with high resolution. Image from
[71]. (c) The change in BTO hysteresis loops with temperature. Image fromj].

Recently, exceptional hiy piezoelectric BTO ceramics are prepared by different

sintering techniques or hydrothermal synthesis. The value can now reach

788 pC/N, making it a promising candidate for leadree piezoelectric

applications [81,82 8 ) 06 O CAT A @ha prainkizelaAd the Adndids OEA O
are responsible for these high piezoelectric responses, though there are

controversial views of whether it is the domain wall or domain width that

matters [83-86].

Stress and strain are second rank tensors with 9 coefficiemtDue to symmetry,
only 6 of 9 coefficients are independent. The strain, for example, is expressed as

below:
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Such expression can also be written using number annotation:

Stress and strain are quantitatively connected as:
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where the 0 matrix is the stiffness matrix. A similar reversed expression would

link the strain with stress by compliance matrix S. The relationship i& 0

Piezoelectricity is a third rank tensor with 27 coefficients but could only have 18

distinct coefficients because of the symmetry of strain. Without electrical field,

the polarization can be expressed as applied stress:

cacaca
ONoNe

P X

0,0 and0 are polarization along crystallographic x, y and z direction. Such

abbreviation writing of stress tensor also simplified the piezoelectric

coefficients, likeQ connects polarization 0 with stress tensor, . This is the

case where force is along xicection and the polarization is along c axis.

46



Similarly, without stress, the spontaneous strain can be express as applied

electric field:
S = T o B o
v 11 " ’
[ I I,g g g n 0
[ I Y I’ ; ; |’| ‘O
(PN Q Q 0 P Y
a1 Q Qn
UV o o U

If further crystal symmetries are applied, then the independent piezoelectric
coefficient would keep decreasing. For example, in cubic crystal lattice, all
piezoelectric coefficients are zero. Considering the tetragonal BTO and picking

up c-axis as the only plar axis, then the tensor matrix is simplified as:

n o,
v 1

0 m o mT Mmoo Q mvoa
0 nomomoQ mom, P w
5 @ Q@ Q §n m omy .

u U

WhereQ =Q andQ =0Q .

The physical meaning of these coefficients can be seen in Figure B8][
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Figure 2.6 Measurements of different piezoelectric coefficient of a ceramic. (a) A
measurement of coefficien) . Both applied stress and polarization
measurement are taking along Zaxis. (b) A measurement of coefficier®) .
Stress is applied along Zaxis and the polarization is measured alongs2axis. (c)
A measurement of coefficierni€) . Force direction is along Zaxis but force
normal Is Z axis. The polarization is measuredlong Z axis. Image from 87].

2.1.7 Influencing factors
As discussed above, the phase transition temperatures of BTO could vary a lot in
literature, where various factors are reported to be influential. For example, the

strain, pressure, the crystal sizeand/or the perfection of the crystal could
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substantially change the transition temperature. This may take the form of
different synthesis routes and processing techniques, which then involves defect

chemistry, incorporation of foreign atoms, aggregatiorporosity, residual stress
and so on. It is possible that the influence is coming through the domain
structure of the crystal, which is affected by all these factors, and so we are

interested to discover the causeeffect relationships. Due to this compbety, it is
Al i PAOA OEA AgA.
EOG O

not surprising that there are masses of scientific literature focused on this topic
AT A Oi i ACEIi A0 EOGBEO EAOA Ol

AOA OOET ¢ AEAZEEAOAT O OAI Pl AOG8 (1 xAOAON
each experiment, which would coincide with each other. Also, the dependent

variables are intertwined themselves.
Taking the tetragonalcubic phase transition as an example, the Gibbs energy of a

ferroelectric system is written as a series power expansioof polarization, as
C& T

slo
C2

stated in LGD theory:
By —5 Bqp
T

0 O
"Ois Gibbs energy is polarization;! fT A T {Aare phenomenological

coefficients;—is CurieWeiss temperature. The tetragonal distortion can be
guantified astetragonality, which can be described as the square of polarization:
c& p

p D

E:l £

— is tetragonality, ‘Qis the difference of the electrostrictive coefficients) 0

The Curie transition temperature is also related tgolarization, therefore can be

C& ¢

2

|2
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described by tetragonality:

—x
—a

0 1.
— —U
Y ¢
0 is the heat of transitionand "Yis the Curie temperature.
Through these equations, it can be seen that the tetragonality (or tetganal
related strain), the spontaneous polarization and Curie temperature are directly

connected for a given system.
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The most studied factor in BTO is the size effect. The grasize effect has been
reported for more than 60 years, when Kniepkamp and Heyang talking about
the dielectric properties of polycrystalline BTO 88]. This size effect has been
under intensive studied especially after 1990, when both the preparation and
characterization methods were well developed for studying miniaturization of
BTO grains. From equations above, the tetragonality, the Curie temperature and
spontaneous polarization are coupled together, therefore they will change in a

similar manner as the size decreases.

Tetragonality tends to show little change when the grain sizis in or above
micrometer size. When the grain size goes down to hundreds or tens of
nanometer, the tetragonality would show a decreasing trend. Again, this
decreasing curves with grain size varies from one study to another. Figure 2.7
shows the tetragondity of different BTO samples. The first graph shows the
tetragonality for BTO single crystal remains the same from Im down to 0.3t |,
when it starts to decrease §9]. The lattice system goes into cubic when the size
is 0.12t . The second graph shows artioer study of BTO fine crystal §0]. This
time the crystal still shows tetragonality over 1.004 when size is about 40m.
The crystal goes into cubic phase suddenly when the size is 8 or less. What

temperature?
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Figure 2.7 The tetragonality changes with particle size. Image fron6g,90].

Curie temperature is expected to be connected to tetragonality, as explained
above. As the particle size decreases at a given temperature, the tetragonality is
seen to decrease as well, so it is expected that the Curie temperature will be

lower for smaller particles too. Figure 2.8a shows the Curie temperature changes
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over tetragonality in BTO single crystal. When single crystal sizes go down to

0.12t 1, the Cure temperature decreases to about 70%90].
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Figure 2.8 (a) Curie temperature differences and tetragonality difference as a
function of grain size. Image from [61] (b) Polarization differences and Curie
temperature differences as a function of different grain size. Image fromgpyj.

Polarization also shows a decreasing tendency when the size goes down to sub
micrometre range. Figure 2.8b shows the polarization as a function of crystal size
and temperature.For this specific series of samples, the crystal with size of 0.4

t m has no polarization at room temperature. When the size geos from Q.k to
2.0t m, the polarization increases from 6600@&su/cm?2 to more than 80000

esu/cm2[91].

The dielectric constant of BTO is found to increase when the size goes from bulk
down to micrometres and reaches a maximum at about L | [92,93].
Temperature data of dielectric constant are shown in Figure 2.9 for particles of
different sizes, decreasingrbm 1200 nm to 50nm. Smaller grain BTO patrticles
have smaller dielectric constant. There are different reasons to explain the
appearance of an optimum size, all related to the nanoscale structure. A first
view is that there is a bigger mobility of domairwalls at this particular size that
leads to a maximum dielectric constant3394 8 | OAAT T A OEA«x
twinning behaviour that determine the favourable size. When the crystal size
decreases tanicrometre, the minimization of residual strain regilts in a

twinning structure becoming favaurable. However, for the finest BTO crystals,
with sizes down to hundreds ofnanometres, the formation of domain wall
becomes too costly compared to the volume transformation changes for

transformation [95-97].
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particle could still preserveferroelectricity [ 98]. Though the idea itself is

controversial, there are supporting experimental results. As can be seen in the

two examples in Figure 2.7, the critical sizes are 0.32n and 30nm,

respectively. The theoretical predicted critical length thickness) for BTO thin

film is 2.4nm [99]. There are several phenomenological reasons to explain the

appearance of critical size:

1)

2)

Depolarization field could play a key role in this size dependent behaviour
[100,101], unlike in the bulk crystal material,where numerous
mechanisms exist to compensate the charge generated by polarization.
When the crystal size keeps decreasing, it reaches a point where there is
no way to compensate this charge. Then the depolarization field could be
sufficiently strong for the crystal phase to become unstable. The

depolarization field can be described as:

: 0,
O —0 Cq O

The energy of depolarization field can be denoted as:

6 £ 0000 C& 1
Charged defects are inevitable for chemically prepared BTO samples,
where the hydroxyl ion could reside as defects on oxygen sites and result
in cation vacancies for charge compensatiorip2,103]. This can be

confirmed by spectroscopy, in which the narrowly spaced infrared
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3)

absorption bands are interpreted as the stretching modeofr hydroxyl

ions in the unit cell of tetragonal BTO104,105]. Apparently, these

charged defects could serve to stabilize the local polar ordering and might
be expected to disturb the phase transition.

The effect of elastic constraint could also make a plan this critical size
effect. As described above, when the grain size decreases to-snicron

size, the crystals are substantially untwined due to the increasing domain
wall energy cost. From our BCDI experiments in Chapter 3 for the nominal
200nm BTO paticles, the twin structure happens in less than oneseventh
of the crystals. When the size goes to the limit, the transformation strain

could be prevented even if there is a transformation driving force.

Anyway, the reasons behind the critical size havénO AT T A O1 A AT 1 OA1l

is one of our pursuits in the current and future studies.

2.2 Ferroelectric domain structure
Os$1

i AET o6 EO A OAOI O1 AAOCAOEAA A OACEIT 1
parameter. In ferroelectrics, this order parameter is spordneous polarization.

Before stepping into the specific domain structures, the techniques to visualize

the domains are described first. The two most widely used techniques are

scanning electron transmission microscopy (STEM) and piezesponse force

microscopy (PFM), both of which are good at dealing with thin film samples.

2.2.1 Characterization techniques

To map out the atomic polarization for thin film sample, higkangle annular
dark-field (HAADF)-STEM is often performed, where an annulatark-field
detector is put at high angle to measure the incoherently scattered electrons.
Such intensity is proportional to the square of the atomic number (@ with good
accuracyflo6 h xEEAE EO xEU (Al ¢ & ORAD® Oi6A@Ad- 8A AlxIi A,
dimensional (2D) gauss fitting is usually applied to determine the atom central
position, by which the relative displacement between different types of atoms

can be extracted.

HAADFRSTEM images of typical perovskite SIT€JSTO), BaTi@(BTO) and

PbTiGs (PTO) are show in Figure 2.10. The atomic numbers for strontium,
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barium, lead and titanium are 38, 56, 82, 22, respectively. The strontium and
titanium atomic number are closer, so that the contrast is less obvious. Both
atoms, as ions, show bright spots in the STEM age and the oxygen ions can also
be visible as dark points in Figure 2.10a1j07]. The polarization direction can be

described as the titanium atom displacement relative to oxygen.

Figure 2.10b presents the STEM image of BTO. The barium atomic number is
twi ce larger than the titanium, thus barium atom appears to be much brighter
than titanium in STEM image 108]. Although in some cases, the ¥ columns

can be clearly seen, but for the other conditions only barium and titanium ions

can be identified with conEE AAT AA8 4EAOA A OAh EOS6O i

displacement between barium and titanium ions. The polarization is interpreted

as being along the direction where the titanium ion is displaced relative to

barium ion.

uoljezue|od <=——

Figure 2.10 HAADFSTEM images of classical ferroelectrics. (@) STEM image of
STO where the polarization can be identified as parallel to titanium displacement
to oxygen. Image from [07]. (b) STEM image of BTO, where the polaation can

be seen as parallel to the titanium displacement with respect to barium. Image

from [108]. (c) STEM image of PTO, where the polarization is viewed as anti
parallel to the titanium displacement with respect to lead. Image fromi09].

As for PTO kown in Figure 2.10c, lead atom number is nearly four times bigger
than titanium, which make the contrast even larger109]. In PTO, the valence s

electrons of lead tend to form some directional bonding with oxygen-prbital. As
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a result, the Pb@: cage ha PbO bonding distances of 2.54, 2.80A and 3.2A.
Titanium is also displaced within the Ti@ octahedral cage with bonding
distances of 1.78, 1.97A, and 2.37A [110]. The polarization direction is the

lead ion displacement direction relative to titanum.

Gradient phase analysis (GPA) is a quantitative method to map out the
displacement and strain field of crystal lattice based on high resolution STEM
image. As illustrated in L11-113], GPA takes the advantages of both regpace
and reciprocalspaceinformation. The intensity distribution in a STEM image can

be described as a Fourier series:

O o1 I & v

‘O is the intensity of the STEM image at position. "Qis the undistorted lattice
reciprocal lattice vector, or the periodicity corresponding to the Bragg reflection.
Practically, the operation is Fourier transform the STEM intensity image back to
reciprocal space to get diffraction pattern. The Fourier coaffient™© i isa
complex value where the phase is preserved in GPiAcan be viewed as the local

Fourier component, can be obtained by Fourier filtering by:
O i oiQ & @
Amplitude 60 1 is associated with the local contrast of latticéringe; Phase

0 1 is the lateral position of the lattice fringes. The phasé i can be further

deduced to describe the displacement field i by:
01 ¢ i C& X

By measuring two phase image8 1 and0 i from two non-colinear
reciprocal space vectorsQ and "Q, the two-dimensional displacement field

0 1 can be fully determined as:

~

o » Cﬁﬁ > 0 P® & P

@ and® are the real space lattice vector, as corresponding to the reciprocal

space vectorQ and "Q. If we project displacement field onto x direction
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€ ») and y direction (¢ » ), then the 2D strain tensor can be further

deduced as:
’1 O » 190 > .

- - N T (b T (b 2
R A K el
u T w T o U

Thus, the intensity distribution in a STEM image can be linked quantitatively to
the displacement and strain field. Nowadays the GPA is a common pingn
commercial TEM.Figure 2.11 shows the GPA study of an edge dislocation in
silicon [112].

Figure 2.11 Geometric phase analysis of an edge dislocation. (a) High resolution
electron microscope image ippT orientation. (b) p p Rttice fringes by Fourier
filtering. (c) p P /attice fringes by Fourier filtering. (d) Phase image op p T
lattice fringes. (e) Phase image @f p lattice fringes. Image from [12].

Another widely used method for looking at perovskite thin films is the Piezo
responseForce Microscope (PFM). It is one of the variants of the big Scanning
Probe Microscopy (SPM) family including Atomic Force Microscopy (AFM) and
Scanning Tunnelling Microscopy (STM). There are clear differences among those
techniques: AFM is a mechanical detéon method, where the tip-surface force is
measured through the mechanical motion of cantileverl14,115]. There are

many works presenting nice surface roughness images mapped out by AFM; STM
is a current detection method, which is sensitive to tigbias voltage; PFM is an
electromechanical detection method, where an electric bias is generated by

applying a arrent to the tip, and surface deformation is then captured.
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PFM is first proposed by Gruverman in 1996, before which there are already
some works proposing the principle of PFM in AFM and STM systenid f]. The
most basic mode of PFM is the static mode/here a direct current is applied to
the sample surface. The field induced strain along the field direction can be

expressed as:
() Q w CH T

where the domain will expand if the polar axis is along the field direction and

contract if opposite.

Due to poor sensitivity to the static piezaesponse, the static mode has limited
used in real cases. Instead, a dynamic mode is preferred, which uses an
alternating current to increase the sensitivity by three orders of magnitude. This
EO 11 x Gé&ubinGdnmédcalR-M. In such case, if the electric field is
Vcos(t), then the first harmonic component of surface vibration (or surface piezo
response) is measured in the form of amplitude Acos(t+). Figure 2.12
schematically shows the working modes oPFM including the vertical PFM
(VPFM) and the lateral PFM (LPFM)117].

For the VPFM, only the cantilever deflections are measured, which corresponds
to the vertical (out-of-plane) force. Thus, the VPFM is sensitive to the
polarization component that pointing out-of-plane. The amplitude of VPFM
image can be expressed &8 w, which is proportional to piezoelectric
coefficient'Q . While the sign of phase in VPFM denotes the polarization
direction of domains. The plus means the polarization is in theasne direction

with electric field, while the minus means opposite.

For the LPFM, only the torsion of the cantilever is measured, which relates to the
in-plane polarization. The amplitude of VPFM image is linearly related to the
shearing piezoelectric codicient in the form of Q . The phase also means the
direction. To map out the whole 3D polarization distribution, two perpendicular

LPFM measurements are required, together with one VPFM measurement.
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Figure 2.12 Possible movements of the cantilever due to forces acting on the tip.
Image from [117].

However, in most real cases, the ferroelectric thin films are polycrystalline,
containing domains that have different orientations. Under such condition, the
amplitude map is coupled to all the piezoelectric coefficients that are relevant. To
ol 1 6A £ O OEA PI1 AOEUAOGET T ET OOAE Ai1AEOE
coordinates: tensor in laboratory coordinatesQ and crystallographic
coordinates’Q . Theyare connected with a general Euler rotation matrix{n,
3 8 &1 O AgAipi An ET OAOOACTIT Al OOOOAOOOA x
simplified in equation X.X, the response coefficient can be expressed as follows:
Q Q Q0 DEIEC0E W C® p
Again, PFM is only a qualitative method to image the domain configuration in
thin film samples. Over decades, many advanced methods have been developed
for better accuracy and signato-noise ratio (SNR). For example, in resonant
mode, thecantilever working at a frequency close to its natural resonance can
acquire a larger amplitude at a higher efficiencyl[18]. This resonance can be
either predefined, or experimentally determined at every position before
measurement using a feedback loof:his is the sacalled Dual Amplitude

Resonance Tracking method (DART1[L7,119].

2.2.2 Classical domain structure in ferroelectric
The driving force of the domain formation is a pair of competing energies: the
energy cost of the domain wall formation andhe energy gain from domain

formation [120]. The energy from domain formationO can be expressed as:

0 YO Cd ¢
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“Yis energy volume density (constant);, is the energy density of domain wall
(constant). If thin film is considered, where there is a onalimensional size

limitation, the wall energy density of unit areaO can be expressed as:

o = Cd o

O O O Y0 — CH T

This total energy reaches the equilibrium at

Q0 &
Qo v
This gives the relation:
4 ” ,Q &_
v Qv Co @

Here, theb means the domain width or domain size; th&means the sample

thickness in thin film sample Kittel first proposed this squareroot relation of

domain size to thin film thickness in magnetic system, where theYstands for

magnetostatic energy volume density121,122]. Mitsui and Furuichi applied this

equation in ferroelectrics, in which the“Ystands fa electric energy density per

unit volume [123]. Now this squareOT T O OAI AOET T EO xEAAI U OACQ

. T OAAT Uh OEA AAT OA ANOAOEI1T EO A OEI bl E&ZEA

law. If a specific system is treated, more accurate expressiof"Ycan be formed.

&1 O AgAi b1 Ah +EOOAIT 60 1 Ax A O p2asmd AT 1 AET

- p ] -
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- is the dielectric constant of vacuum; and- are the dielectric constants

Q ¥ X

along a and c axes, respectively.
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crystal can be made with the assumption that the crystal is a cube with six

parallel facets This is shown as follow:

n

& Y

o 47!

Y Y
‘q Q
Here, the"Y('Q oftdtt means the contributions of volume energy density from
the domain facets along@lirection. The size of a domain alongth®@ OE AEOAAOQET 1
is denoted asQ("Q aftdtr . This squareroot relation could work as a guideline
for the domain size but does not mean to be quantitative or accurate. In a real
sample, a deviation from this squareoot relation is commonly seen, where the

sample size and shape are reportetb make a big difference 125,126].

Generally, the domain walls that are formed in ferroelectrics can be divided into
two types: pure ferroelectric domain walls and ferroelastic domain walls. The
pure ferroelectric domain walls separate 180°domains, where the polarizations
between adjacentdomains are antiparallel to each other, as shown in Figure
2.13a. The ferroleastic domain walls are also ferroelectric but involve changes of
elastic strain upon formation. The ferroelastic domain walls are structurally the
same as twin boundaries, wher¢he two adjacent domains have mirror

symmetry near the domain wall. The types of ferroelastic domain walls are
determined by lattice system, not the specific atoms. For the Perovskite
tetragonal phase, only 90°ferroelastic domain is allowed; for the ortbrhombic
phase, 609 90°and 120°ferroelastic domains are allowed. As for rhombohedral
phase, 71°and 109°domains can be formed. These angles are commonly used
for naming the ferroelastic domain walls, however, the angle is approximate with
an accuracy 6~1°because it is based on the exact lattice parameters of the
material. In BTO for example, if the lattice constants are set to be a=3.99A and

c=4.03A, then the exact ferroelastic angles arelp7]

~ w N
| Gl bodtem NI O pyi| yad & w

Figure 2.13b shows a sketch of 90°ferroelastic domains in tetragonal lattice.
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Figure 2.13 Sketches of domain wall. (a) 180°domain walls (b) 90°domain
walls.

In thin film samples, where the boundary conditions can be carefully tuned, the
domain configuration in-plane and outof-plane is of great interest and leads to
the so-called domain engineering. This interesting topic will be discussed further

below in our future plans section.

2.2.3 Fluxclosure domains and vortices

Recently, there has been a trend to locate and quantify new topological
structures in ferroelectrics, which are the equivalent of important magnetic
analogue configurations, because these mawave great potential for functional
electronic devices [L01]. Topological structures are caused by manipulation of
local degrees of freedom (DOFs) such as lattice, charge, spin and orbit. In
ferroelectrics, however, the spin and orbit DOFs do not make anyticeable
contributions, so the DOFs of these systems are dominated by lattice and charge
DOFs. These freedoms are linked with energy, where the lattice DOF is the
competition of elastic energy, while the charge DOF consists of electrostatic
energy and poérization gradient energy [128,129]. To form a fluxclosure
domain, theoretical works suggest the depolarization field plays a key role.
Under large residual depolarization fields, which is equivalent to poorly screened
charge conditions, classical polydmain are favoured, such as 90°and 180°
domains in tetragonal BTO. If the depolarization field is too small, the material is
effectively screened and the monodomain is favoured. Therefore, to form a
rotational polarization domain, a proper depolarization feld is required

[130,131].

Although vortices have been well studied in magnetic materials, their equivalent

polar vortices in ferroelectrics are poorly understood. Even the existence of
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to be a big unknown question. The initial theoretical study that supported the
existence of fluxclosure domains was published only in 2004 [20]. This used
first-principles Monte Carlo simulation to study the polarization field in PZT
films under a residual depolarization field and a pretty large compressive strain
(-2.65%), as shown in Figure 2.14. Under such strict conditions, the authors
managed to see polar vortices in the side view. In 3D, these vortices build up
uniform lateral vortex tubes. Ivan et al. also useab /nitio simulations to study
PZTnano diskand nanorod confined structures, in which they found vortices at
64K [132].

Figure 2.14 Simulated polarization in PZT thin film under-2.65% compressive
strain. Image from [130].

After these theoretical predictions, some indirect experimental results followed.
For example, in 2009, BTO nanodots with setfefined stripes were reported
using TEM, as shown in Figure 2.15 gB]. These BTO nanodots arereated by
focused ion beam (FIB) milling of a bulk single BTO crystal. The author tried to
explain these stripe features as some hierarchical twin boundaries that oriented

in a selfconfined way.

(001 ]pseudocusic

~ - [O1O]pseudocuhu:

Figure 2.15 HAADFSTEM imag of BTO nanodots and a sketch for possible
domain configuration. Image from [133]
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Rodriguez et alreported characteristic features of PZT nanodots via PFM also in
2009, as shown in Figure 2.16 [34]. They also build a nanodot of 7.6m x 2.4

nm in size with -0.9% compressive strain and simulated their VPFM and LPFM
image. Such resemblance between experimental results and simulation suggests
a possibility of vortices.

PRSI S T PR N

Figure 2.16 The left graph is the PFM results of BTO nanodots. (a) VPFM
amplitude image, (b) VPFM phase image;, (c) LPFM amplitude image, (d) LPFM
phase image. The right graph is the simulation results, including the polarization
order, the VPFM amplitude and LPFM pls&. Image from [B4]

In 2010, McGillyet alreported possible vortices in BTO lamellae, where two
arrays of twin domains form a zigzag structure at interface [35]. Such a zigzag
structure is obvious in STEM image in Figure 2.17, but it failed to show up the

corresponding PFM image.

Figure 2.17 The left graph shows the STEM image of the zigzag structure. The
middle graph shows a sketch of the polarization order at interface. The right
graph shows the PFM image. Image from gb]

Later in 2010, the same group reported seeing flux closure domain thisizes up
to micrometres [136]. Figure 2.18a shows the LPFM result on BTO lamella. This

single crystal had been fully switched to & domains by application of sufficient
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electrical field. After the electric field was removed, they found the domain
structures in BTO relaxed gradually. Figure 2.18b shows LPFM of a partially
relaxed structure, where 180°in-plane domains are forming. After relaxing the
sample for a few hours, the structure gradually evolved into that shown in Figure

2.18c. In two orthogonalLPFM images, fouffold flux closure domains can be

seen.

Figure 2.18 (a) LPFM result of BTO lamella. (b) LPFM of a partially relaxed BTO
lamella. (c) LPFM image of BTO lamella after several hours of relaxation. Image
from [136]

A further breakthrough came in 2011. Taking advantage of HAABSTEM,
directional views of flux-closure domains were obtained with subangstrom
resolution. Figure 2.19 shows the TEM image of a typical flux closure domain in a
BiFeQ (BFO) thin film grown on ThSs®@ (TSO) substrate. BFO has an
orthorhombic structure at room temperature, so the elastic domains are 109°
relative to each other. Figure 2.19a shows one 109°domain. Figure 2.19b show a
complete flux-closure domain, consisting of two 109°elastic domain wa$ and

two 180°electrical domain walls [137]. Although such structures show little
curvature of polarization except at the boundary, which is still far different from
vortices, it is still a breakthrough to see that a flux closure domain can be formed
by carefully selecting the materials and construction them into complex
multidomain arrangements. A similar work is also published that year, shown in
Figure 2.19c [138], is a threefold vortex measured in a PZT thin film. Although in
the title the authors cdled it a continuous electric dipole rotation, actually the

only place seen to be rotating is the small block on the bottom.
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Figure 2.19 HAADFSTEM image showing flisclosure domains. Images from
[137,138]

In 2015, flux-closure domains in PTO were discovered in a complex STO(10

nmM)/PTO(36 nm)/STO(3 nm)/PTO(28 nm)/GSO system [B9]. The GPA of the

thin film shows a regular distribution of out-of-plane strain tensor. Selected

areas were chosen for mapping the atomic arrangements, shown in Figure 2.20.

'l OET OCE OEA AOOET OO AAiIl OEAOA Om 6@ AT O
the sense that they only rotate 270°in the images. But again, finding these

rotational domains in the PTO/STO system is already a breakthrough, which

serves like a platform or playground in ferroelectric study. By learning the

possible local topologicastructures, it can be envisaged that general design rules

could be elaborated to create larger configurations for specific purposes in the

future.

@)

Figure 2.20 Flux closure domains in PTO/STO thin film. (a) HAABETEM image.
Zoomrin micrographs of box area with number 14 are showing at the bottom.
(b) GPA analysis. Image from [39].
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In 2016, a full vortex array was found in a PTO/STO superlattice, as shown in
Figure 2.21 [140]. The two adjacent vortices are clockwise and antilockwise, so
that they can share the boundary with each other. These vortex arrays appear to
be elongated in the third dimension, suggesting the 3D structure to be vortex

tubes. A Phase @éld simulation was also presented to support the experimental

result.

Figure 2.21 HAADFSTEM image on the top and side of PTO/STO superiattice
film. Phase field simulation is also presented. Image from4D].

2.2.4 Skyrmionand meron bubble

A magnetic skyrmion describes a magnetic configuration of a chirdttice
magnet with its spin directions forming a vortexlike topology. This has drawn
interest for potential applications such as racetrack memory. The corresponding
structure in ferroelectrics is, however, less obvious and hard to characterize.
Recently, polar skymionlike bubbles were experimentally confirmed in a
PTO/STO thin film system, utilizing the lattice mismatch strain in the
heterostructure [141-142]. Figure 222 shows the main result. By some pre
knowledges from darkfield TEM, the polar skyrmion bubbles were first
simulated in a thin film in Figure 2.22a (black box). At the centre, the polar
direction is upward. There are two clear boundaries on two sides, wihe the
vortices are formed. The polar direction rotates a total circle of 360°when going
through this skyrmion bubble. Such a structure agrees with the experimental
observation shown in Figure 2.22c¢ (blue box), which is the polar order derived
from the atomic positions in HAADFSTEM image. The three section views of the
simulated skymions show that at the top and bottom position of such skyrmion,
the polarization is hedgehoglike with a Neel type domain wall. In the middle

position, the polarization is vatex-like with a Bloch type domain wall. The
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calculated ADF image and polar order match the TEM image as well. This class of

Ol BT 1T CEAAI OOOOAOOOA EO OOOAUb.IDUferenOAT OE EE A
definitions have been put forward based on situtons, for example:
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0 is normalized local dipole moment. For the model building in this paper, the

skymion number 0 is +1 for all slices.

Simulated skyrmion bubble Observation of skyrmion bubble

e

c. Neel type a-c. HAADF-STEM

d. Block type d. ADF image
e. Neel type e. Probability current flow

Simulation

Figure 2.22 Simulated skyrmionbubbles and the experimental proof of possible
skyrmion bubbles in PTO/STO system. Image revised from41].

Notably, because STEM only measures the projection of atomic position, it

AT AOT 80 OEOOAI EUA OEA PI 1T AO OEWOIERI T O AEOA.
image and simulation model, it infers a polar skyrmion bubble structure.

I O-AOiI1T6 EO AT OEAAOAA O1I AA EAI £ A OEUOI
when crossing a meron bubble, which is half the magnitude of skyrmion. Wang et

al reported the first observation of regularly distributed merons in 5nm thick

PTO/STO thin film [143]. Figure 2.23 shows two meron bubbles with both phase

field simulations and HAADFSTEM images. The sizes of merons are roughly

5nm, and they appear only at the stripe wad. These merons are regularly

distributed and the spacing between two domains along a stripe line is 8nm on

average. Such meron arrays have also been found in other system including

PTO/GSO and PTO/SSO. The density of merons is dependent eplame strain:
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the meron and antimeron density first increases with strain and decreases after

reaching the peak value at about 2.25%.

Simulated meron bubble Observation of meron bubble

Figure 2.23 Simulated meron structures and experimental observation by
HAADFSTEM. Image from [43].

In this section, different works are listed to show the development and
understanding of vortices step by step. Despite the observation of these
hierarchical structures, the easily overlooking point is whether the structure
inferred from the image is correct or not. Most of these results are based on
HAADFRSTEM, which only shows the projection views that is both 2projected

and averaged out. All the usual caveats about TEM sample preparation and use of
very thin specimens apply to the results. The PFM rekuhas a significant

OAOI 1 OOEIT TEIEO ATA EO I1T1U A OAOEAO
view the above results as a taste of possibilities instead of the finished textbook.
2.3 Coreshell model

Coreshell models are widely used in nanopdicle research. Often composed of
inner and outer shells of two different materials, the most general model is when
the central core and outer shell differs in some order parameters. In BTO, there
are at least two kinds of coreshell models that attract €ientific interest. The first
and the most studied coreshell includes a pure tetragonal BTO core and a
chemically doped BTO shell. This is commonly used as a multilayer ceramic
capacitor in industry [144,145]. The growing industrial interest for

miniatur ization of electronic devices has accelerated the study in this particular

direction.
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The second coreshell structure was proposed by Wada and Hoshino {i6-148].
This core-shell model does not contain any dopant but pure BTO crystal. It
consists of an inrer tetragonal core, some band of transition material and an
outer cubic shell, as shown in Figure 2.24a. For a typical 200nm diameter BTO
crystal, the inner tetragonal core would span more than 50nm in radius and the
outer cubic shell occupies the last 10m in radius, according to the model. The
experimental proof of this model comes from Xay powder diffraction, shown in
Figure 2.24b. For their fine crystal sample, specially synthesized, the adjacent
200 and 002 peaks are not sharp. There is a large amduwf intensity between

the two peaks that cannot be fitted by pure tetragonal structure using Rietveld
refinement. These scattering data, however, agree well with the coshell model
proposed. We are particularly interested in this coreshell model and hae
performed a series of BCDI study on the commercial BTO nanocrystals. However,
the XRD profile of our samples only shows two sharp peaks with a width
corresponding to the particle size, which does not favour a corghell model. We
attribute this differenAA O1 OEA OAI i Ah xEAOA OEA
claimed to be fine crystal with almost no defect [48]. We are tackling this
problem on two fronts: while we are making experimental advances by learning
how to synthesize BTO nanoparticles, we disimulations to predict the
characteristics of coreshell model in a BCDI experiment. Figure 2.24c shows the
simulated BTO crystal and the corresponding Bragg diffraction pattern. The
simulated crystal has displacement field accumulated on two sides, becauhe
Q-vector is set to be 110. The coherent Bragg diffraction pattern shows three
peaks in the vicinity of each other. These outer two peaks represent the inner
core and the outer shell, while the middle peak comes from the assumed

transition region.
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Flgure 2.24 (a) The sketches of coreshell model. Image from [#7]. (b)) XRD
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image from a coreshell model and itsdiffraction pattern.

2.4 Polar nanoregions

2.4.1 Relaxor ferroelectrics
The relaxor ferroelectrics, simply called relaxors, are ferroelectric materials that
show dielectric relaxation in the time domain. They show several distinct

differences from normal erroelectrics [149]:

(a) No well-defined Curie temperature
(b) Strong frequency dispersion of dielectric permittivity
(c) Frequency dependent temperature of maximum dielectric loss and

dielectric permittivity

For (a), the specific phase transition temperature is oa of the defining
characteristics in comparing crystals and glasses. In one interpretation for
relaxors, the poorly defined Curie temperature means that different regions
would transform from paraelectric phase to ferroelectric at different
temperatures, rather than developing full longrange order. (b) and (c) describes
the same frequency dependence, but from different points of view. Figure 2.25
shows a typical dielectric permittivity curve of ferroelectrics and relaxors [B0].
Ferroelectrics show a distnct anomaly as shown in Figure 2.25a. The relaxors
can be divided into two categories according to their response to temperature, as

shown in Figure 2.25b and c. This will be discussed in the next section. In both
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types, with the increasing frequency of aplied field, the maximum dielectric
permittivity decreases, while the temperature for the maximum dielectric

permittivity increases.

T, T.(p)

m

Figure 2.25 Dielectric permittivity as a function of temperature. (a) First order
ferroelectric (b) Ferroelectric with a diffuse transition. (c) Canonical relaxor.
Image from [150].

All the known relaxor materials include some king of composition disorder. The
most studied PMN and PMNPT relaxors involve chemically disordered Bsite
cations [151,152]. The solid solution type BSTO, for example, has a ferroelectric
BTO phase and paraelectric STO phase. The proper mixing of BTO and STO
would lead to inhomogeneous ferroéectric regions embedded in paraelectric
regions [153]. Aliovalent cation doping in both ferroelectrics and paraelectric
could lead to relaxors, like the Ledoped PTO and Bdoped STO [54,155].

However, some disordered systems like PZT show no dielectrielaxation. BTO
also shows disorder local structure and polar nanoregions or precursors in cubic

phase, but it also has no dielectric relaxation. This is covered in Chapter 2.5.

2.4.2 Polar nanoregions in relaxors

Polar nanoregions (PNRs) are defined agite -sized regions, either dynamic or

static, with a nonzero spontaneous electrical polarization [26]. While the

AARAEET EQOETIT T&£ 0.20 EO OOOAECEOAI OxAOAN
better to understand the development of polar nanoregions through the

transitions of relaxors. The relaxors experience a series of transformation upon

cooling:

(a) Paraelectric state {Y "Y)
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When above the Burns temperature)Y, relaxor materials are paraelectric. There

is no evidence of any noticable static polar nanoregions in this state.
(b) Type-l relaxor state ('Y “Y "Y)

Somewhere between the Burns tempetare “Y and an intermediate
temperature "Y, the polar nanoregions start to nucleate. These polar
nanoregions are both dynamic and have random polarized direction. This
dynamic means the polar nanoregions could flip their direction due to thermal

excitation.

The Burns temperature is first seen as the deviation from a linear relation
between optical refractive index and temperature and can be measured by

Raman spectroscopy [57,158].
(c) Type-ll relaxor state ('Y Y “Y)

Between the intermediate temperatue Y and the freezing temperature’Y, the
PNRs start to form larger clusters. The flipping dynamic of PNRs becomes slowed
down, so that the static component of polarization starts to appear. The PNRs are

considered both partially dynamic and static in his state.

The combination of Typel and Typell relaxor state is called ergodic state,
because they share some similar characteristics. The most important feature is
that the PNRs have random distributions of polarization direction, so there is no

preferred polarization macroscopically.

(d) Type-lll relaxor state ('Y Y

When the temperature decreases below the freezing temperatur¢, the relaxor

goes into nonergodic state. In this state, the local polarization becomes frozen.
The local symmetry deviatedrom high symmetry phase, while macroscopically
the crystal still has high symmetry. PNRs are considered to be fully static in this

state.
(e) Ferroelectric state (Y Y

It should be noted that not all relaxors have this ferroelectric phase transition, in

which case there is ndY at all. Canonical relaxors have this phase transition. One
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important example is the wellstudied PbMg/3 Nbz/3 O3 (PMN). But there do exist
some relaxors which could transform to have long range ferroelectric ordering at
the transition temperature “Y. For example, the PMNXPT (0.05<x<0.35) would
have such a ferroelectric phase transition [29]. However, the PNRs are still
detectable in this ferroelectric state, therefore their coexistence with polar order
is favoured. These two knds of polar ordering, namely the PNRs and
ferroelectric domains, exist at different length scale and contribute to the same

long-range ferroelectric order [160].

The PNRs are probed and studied by a number of spectroscopic techniques such
as diffuse Xray and neutron scattering, EXAFS, acoustic emission and dielectric

spectroscopy [161-165].

The direct observations are given by TEM and PFM. Figure 2.26a shows some
dark field TEM results of PMN [66]. The image of PNRs and chemical ordering
regions (CORs)re obtained by inverse Fourier transform of the TEM images.
The size of PNRs is 16Bm~25 nm, and the size of CORs isrn. Figure 2.26b
shows another example of PMN seen by high resolution TEM at the ttgft panel
[167]. The topright panel presents theFFT of the TEM image, and the bottom

left panel shows the schematically the distribution of PNRs.

Micrometric-domain wall

iy Nrrrelbiad o |
: 9170K_."C,QR\, {1

Figure 2.26 Left panel are the 111 reflectiomark field TEM image of PMN and
related PNR image and COR image. A sketch of the PNRs is also plotted. Image
AEOT T poy 8 2ECEO PAT Al OEI xO OEA mmp

image, a schematic diagram of Pb displacement and computer simulateeage

from FFT image. Image from [&7].
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PFM, as illustrated in Chapter 2.21, is effective in measuring the static or
dynamic polarization via local piezo response. An autocorrelation image could be

further generated from the autocorrelation of PFM image:
61h OawOw 1o i 8 p

h

D(x,y) is the piezo response value at position (x,y). The shape of autocorrelation

function provides the symmetry and regularity of the polarization [68].

To measure the shorrange order,one way is toaverage over the
autocorrelation functions in all in-plane directions should be taken and

expressed ag169]:

®i 0 , Q¢ c8 ¢

O

i is the distance from central peakd Os the average correlaion radius. The

exponent”Qs a measure of the roughness of the polarization surface.

If the long-range order is considered, its contribution can be expressed as:

A

®i o p , Q 8 o
Wis the period of structure andi is the longrange correlation length.

Then the full autocorrelation function considering both shortrange and long

range order can be summed up:

10 ®i1 O ®i 0 , Q00 P, Q 7 81
Figure 2.27 shows the PFM results and corresponding autocorrelation images of
PMN, PMNPT10 and PMNPT20 [168,170]. PMN has small regions in the PFM
image,and they are static for 520min. Using the shortrange autocorrelation
function @ i O , the average correlation length is estimated to be around
46nm. PMNPT10 shows nanoregions in size of tens of nanometers in PFM
image, which is larger than pure PMN. The full autocorrelation function is
mapped out in Figure 2.27d, which shows adllation along crystallographic 110
direction. This indicates the shortrange order is along the 110 direction. The

short-range correlation length is fitted to be 70nm and the longange
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correlation length is 800nm in PMNPT10. PMNPT20 shows strong ferr@lectric

ordering in PFM image, while the longange correlation length is about 2~2.5

t 1.

Figure 2.27 (a), (c) and (e) are PFM images of PMN, PMRIT10, PMNPTZ0. (b),
(d) and (7) are corresponding autocorrelation images. Image from [168].

However, it should be noted that even in the same system, the size of PNRs could

be quite distinct from different measuring techniques. Even the validity of the

i AOETAOG EO 110 OI1EA AT A OAEOAO AT1AAOT O E
strange to getboth PNRs and CORs from purely a dark field TEM image. As the

TEM expert Yimei Zhu once put it, many TEM based works could published in

good journals like Nature or Science, but they cannot publish in electron

microscopic journals for technical reasons. Térefore, the over interpretation of

data might also appear in this Chapter, and it is fully based on the readers to

judge whether this is true or only a possibility.

PNRs work well in describing the relaxor properties. For example, the dielectric

relaxation can be explained by PNRs via the Vogeélilcher law:

Q "QQ g v

“Y is maximum dielectric permittivity temperature. ‘O is an activation energy.Q

is saturation frequency.
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To understand the formation and mechanism of PNRs in relasg different
models have been proposed. Some widely used models include a compositional

fluctuation model, a superparaelectric model and a dipole glass model.

The compositional fluctuation model proposes the disordered hetervalent
cation at equivalentcrystallographic position to be the compositionally
disordered. The local compositional disorder would lead to regions with distinct
local Curie temperature and different transition temperature. Such regions are

called the polar nanoregions in this model.

The superparaelectric model is an extension of the compositional model and
resembles its magnetic counterpart supeiparamagnetism. The polar regions are
thought be embedded in a paraelectric matrix and not interacting with each
other. These polar nanorgions are dynamic and can flip due to thermal

excitation, which resembles a spin glass.

2.5 Local structure

From low temperature to high temperature, BTO goes from low symmetry to

high symmetry, following rhombohedral, orthorhombic, tetragonal and cubic
lattice structures, in sequence. As described in Chapter 2.4, the soft mode theory
supports a displacive type model. However, various local structure studies have
revealed the existence of rhombohedral local distortions in all crystal phases of

BTO, which irdicates the orderdisorder component.

Figure 2.28 shows the Pair Distribution Function (PDF) results for BTO while
crossing the rhombohedral to orthorhombic and orthorhombic to tetragonal
phase transitions [171]. The atomic displacement shows no noticeabldifference
in all these crystal phases. Because the PDF is only sensitive to local structure,
different global structures could be formed by selectively choosing some of the
eight site rhombohedral distortion directions. For example, the tetragonal could
be formed by choosing four of the eight site directions, and the cubic phase is

averaged out by all eight site directions.

PDF based refinement using reverse Monte Carlo (RMC) also supports the Ti
displacement to be zonecentred rhombohedral like. Figure 228c shows the

atomic structure after refinement and their calculated diffuse scattering in the
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planes [172]. The RMC calculation uses large supercells instead of the small
boxes used in Rietveld refinement [Z3]. It refines the atomic displacement to fit
both G(r) and S(r). However, the work has been criticised because too many
degrees of freedoms exist in the RMC method, so it gives an impression of the
structure, rather than a unique answer. Biass often introduced in the selection
of RMC modeparameters,and this could lead to different detailed results from

the random numbers used to perform RMC.
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Figure 228 (a) PDF result of BTO passing through rhombohedral to
orthorhombic phase transition. (b) PDF result of BTO going through
orthorhombic to tetragonal phase transition. In both cases two PDF profiles are
superimposed and their difference is shown below. Tésolid line is above phase
transition, and the dash line is below. Image from [Z1]. (c) A portion of

simulation results of each phase are shown, with corresponding calculated
diffuse scattering in the planes indicated. Image from [Z2].

X-ray absorption fine structure (XAFS) also confirms a different local structure
relative to the global structure. The combination the Kedge Extended XAFS
(EXAFS) of Ba Kedge and Xray absorption near edge structure (XANES) of TiK
edge quantitatively support the eightsight model. The local Ti displacement

direction is calculated to be 11.7°away from the 11directions towards the ¢
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axis in tetragonal phase. Such displacement of Ti from oxygen octahedral centre
is 0.19A at 35K and 0.16 A at 75K [174].

Figure 2.29 shows firstprinciples calculated energy as a function of Ti distortion
relative to Ba [175]. When the soft mode distortion is small (0.1 in image), the
rhombohedral phase has the lowest energy of gilhases,and the tetragonal

phase is unstalte.
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Figure 2.29 Calculated energy as a function of sefhode distortion in BTO.
Image from [175].
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3.1 Abstract
In this work, ferroelastic domain walls inside BaTi@(BTO) tetragonal

nanocrystals are distinguished by Bragg peak position and studied with Bragg
coherent Xray diffraction imaging (BCDI). Convergenceelated features of the
BCDI method for strongly phased objects are reported. A ferroelastic domain
wall inside a BTO crystal has beetracked and imaged across the tetragonal
cubic phase transition and proves to be reversible. The linear relationship of
relative displacement between two twin domains with temperature is measured
and shows a different slope for heating and cooling, whiléné tetragonality

reproduces well over temperature change# both directions. An edge
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dislocation is also observed and found to annihilate when heating the crystal

close to the phase transition temperature.

3.2 Introduction
Perovskite transition-metal oxides have been studied for decades because of

both their broad applications and fundamental scientific questions. The
displacement of Ti and Ba ions relative to the oxygen in unit cell leadsltucal
polarization, which gives rise to exotic electrical propeties such as elevated
dielectric susceptibility, ferroelectricity and piezoelectricity [53, 128, 176, 17T.
By analogy with wellstudied magnetic systems, it is believed that it is not the
local polarization in unit cell level that directly links with these macroscopic
electrical properties, but rather via the formation and rearrangement of
polarized nanodomains. Therefore, the study of domain structures, preferably in
three dimensions (3D), is important for understanding and improving these
properties. BarliOs (BTO), for example, is frequently chosen as a ledcke
functional material for both actuator and sensor applications24, 17§]. It goes
through a series of crystal lattice systems: cubic, tetragonal, orthorhombic and
rhombohedral upon cooling 7]. The corresponding transitions arefirst order
with critical temperatures of 393 K, 278K and 183K, respectively, which can be
adjusted by varying strain and sample size. The cubtetragonal phase transition
temperature, for example, can be increased frol393 K to 813K with 1.7%
compressive strain p0] and can decrease to room temperature when the patrticle
size is reduced to 3nm179]. Recently, it was reported that the local structure

remains locally rhombohedral throughout all phases$6, 60].

The phase transition is also complex, demonstrating both ordedisorder and
displacive character p9,180]. From the high symmetry cubic phase to the lower
symmetry tetragonal phase, the paraelectric ensemble breaks into ferroelectric
domains of uniform electric polarization, driven by the minimization of the sum
of electrostatic and elastic energy33, 128, 176, 177. To accommodate local
energy landscape and strain, different types of domains could be formed by
rotation or translation of crystal regions or domains into different locations with
well-defined domainwall interfaces. For example, there are 715 109°and 180°

domain walls in rhombohedral BTO [B1]. In tetragonal BTO, the flipping of one

79



region of a crystal along a faceliagonal leads to a ferroeleaic and ferroelastic
90°domain wall (twin boundary). While flipping along the long side of the
tetragonal unit cell creates a ferroelectrieonly 180°domain wall instead, in

which the adomain and edomain are formed headto-tail with each other [124,
135, 182). The domain wall is said to be continuous which means it can only end
in other domain walls or grain boundaries [18]. There are discontinuities of
polarization in the perpendicular direction of domain walls, where the local
displacements would be &pected to accumulate. The formation of these domains
depends strongly on boundary conditions, such as sample shape, while the size
of domains in thin films has a squargoot dependence on thickness, knowas

the Kittel scaling law [120].

Bragg coherentX-ray diffraction imaging (BCDI) is a synchrotronbased lensless
imaging method, which is well adapted to studying nanocrystals in three
dimensions (3D). Itis capable of imaging the shape and mapping out inner
strain without damaging the nanocrystal [L1, 184, 185. In the BCDI experiment,
the 3D diffraction pattern is collected in reciprocal space and inverted to real
space with advanced phase retrieval algorithmsi[1]. Usually, a single hkl Bragg
peak is selected in the reciprocal lattice with a totainomentum transfer vectorQ

= ha* + kb* + |c*. In a completely general way, this gives a 3D complex image of
the crystal, capturing both its electron density function as the complex amplitude
signal and a projection of the distortions as the correspondinghase signal. A
simple linear relationship exists between the crystal displacement field(r) and
the observed image phasd,(r) = Q#I(r) [11]. The amplitude, representing the
average electron density, contains information about crystallinity and its
isosurface can be used to visualize the shape of crystal. Any local displacement
of the unit cells of the crystal parallel taQwill change the relative phase of the
scattering from those unit cells relative to the rest of the crystal; when this
occurs in rggions large enough to be resolved the distortion can be visualized as

a region or domain with a measurable phase appearing in the image. When the
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preserve the continuity of the displacement field.
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The BCDI technique is sensitive to defects and has the unique ability to identify
the dislocations and grain boundaries inside crystals by their characteristic
strain (displacement) patterns [14, 15, 186, 18T. Theinterpretation of the phase
as a projection of the displacement field is analogous to the Generalized Phase
Approximation (GPA) used to interpret Transmission Electron Microscopy
(TEM) images [L88]. There have already been several studies of BTO by BCDI
motivated by the ability to see its important domain structures. An important
example is the discovery of an interesting electridield driven vortex structure
[189-191]. Here we take advantage of the unique properties of BCDI to
investigate the domain stricture and dislocations inside BTO nanocrystals upon
crossing the cubietetragonal phase transition. In this work, we extend the BCDI
method by considering the case of two nearby overlapping Bragg peaks,
originating from different regions or domains of thesame nanocrystal, to explore

the structure and properties of the domain walls formed between them.

3.3 Experimental Methods
Commercial BTO powders with a nominal size of 200nm were diluted in a

solution of Tetraethyl Orthosilicate (TEOS) and ethanol at matio of 1:75 in
volume. This solution was then drop casted onto the silicon wafer and annealed
in the furnace at around973 Kfor 1h. This forms an amorphous Sigbonding
matrix, which is a common procedure for fixing nanoparticles on to a substrate
in BCDI experiments, in order to avoid its movement due to beam pressure
[192].

Ex-situ and In-situ experiments reported in this work were performed at two
beamlines specialized in BCDI. At Advanced Photon Source (APS), beamline 34
ID-C uses a KirkpatrickBaez (KB) mirror focusing system to match a 70x3Q 2
spatially coherent beam at 55m from the source to the size of the sample. This
gives a good signal level from 20@6m BTO nanocrystals. At Diamond Light
Source (DLS) beamline-l13-1, we used a 40Q | aperture 220 m from the

source to cut out a spatially coherent beam, which was focussed by a Fresnel
Zone Plate (FZP) to the size of the sample. The signal level from this latter
system was found to be at least ten times weaker. In both cases the sampleswa

rotated in the coherent, monochromatic, focussed beam and the diffraction
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pattern was collected on a Medipixechnology area detector. At APS, the
detector distance was variable and for the measurement reported in this
manuscript, we keep the detector aD=0.45 m. While at DLS, the detector was
fixed at D=2.8m.

When the beam is coherent over the dimensions of the sample, its diffraction
pattern acquires interference fringes surrounding each Bragg peak. This

diffraction pattern from the nanocrystal wasmeasured in three dimensions at
the 101 or 110 Bragg peaks by rotating the sample stage over a short range,

typically £0.1 to +£0.5 . This rocking curve scan is equivalent to the 2D detector

plane sweeping across the Ewald sphere and capturing the 3D volerof
reciprocal space around the Bragg peakLlL]. The amplitude of the diffracted X
ray is the square root of intensity, while the phase information is lost. This
famous phase problem is solved by iterative algorithms, using the additional
information obtained by oversampling the intensity distribution in the fringes of
the coherent diffraction pattern surrounding the Bragg peak. In this work, a
combination of Error-Reduction (ER) and Hybrid Inputoutput (HIO) algorithms
are used to iteratively retrieve thephase until the error between the amplitude
of the reconstruction and measured diffraction patterns decreased close to 0.1%
[19].

3.4 Domain walls in tetragonal BTO nanocrystals

At room temperature, the 200nm BTO nanocrystals have tetragonal structuren
which case the 90°and 180°type domain walls (DWSs) are favourable because
they are mechanically compatible with each other without crystal misfit and are
electrically neutral. 90°type DWs separate ferroelastic and ferrolelectric
domains, while 180°type DWSs separate pure polarization domains. Figurgl
shows an example of a crystal twin structure captured inside a single tetragonal
BTO nanocrystal. Figure8.1a and3.1c show the diffraction patterns of the 101
peak and the 110 peak from differently oriented tetragonal regions of the same
crystal. Theomega angle difference between the cergs of mass (COM) of these
two diffraction patterns is 0.6° There are interference fringes crossing the entire
reciprocal space region spanning between the two diffraction patterns cerdgs

seen on the area detector. Figurd.1b shows the fringes on the detector frame at
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the angle in the middle of the two COMSs. The observation of camtious fringes is

a clear indication that the 110 and the 101 peaks come from the same coherence
volume in real space, so that their diffraction patterns can interfere coherently.
This identifies them as coming from substructures of the same nanopatrticl€his

is confirmed by gradually moving the sample piezo stages transverse to the beam
direction and seeing that the intensities of the two peaks increase and decrease
simultaneously in a600nm size Xray beam. This confirms the Bragg intensities
are comingfrom the same nanoparticle, for which the intensity variation is

attributed to crystal moving in and out of the Xray beam.

The diffraction patterns of the two peaks were reconstructed separately. Figure
3.1(d) is the reconstructed image from the 101 diffaction pattern in Figure

3.1(a), where the shape is plotted as an isosurface (single 3D contour level) of
the amplitude and the surface is colocued with the local value of the phase.
There are two separate domains with a 5@m wide gap in between. Théwo
domains both have the same crystal orientation because they both contribute to
the same 101 Bragg peak, but they have different phases (displacements,
denoted by color in Figure3.1(d)). This shows that the origins of their unit cells
are shifted relative to each other. The average phases for the two 101 domains
are -1.259+0.004 and 0.546+0.003 rad, respectively. Because the phase can only
AA AAOGAOI ETAA 11T AOIT ¢ah OEEO DPEAOA AEEEAO
of 2.835*n+0.813A between the two pieces along the @lirection, where the n is

an integer. 2.835A s the {101} d-spacing of BTO. The missing volume in
between the two pieces implies there must be a third object, presumably an
inserted piece of crystal with a different orientation, fillingthe gap. Figure3.1(f),

the reconstructed 3D image of the 110 pattern of figur8.1(c), reveals a 50nm
plate-shaped crystal, which is the missing part. The two reconstructed images in
Figure 3.1(d) and 3.1(f) fit together well with each other, as shown n Figure le.

We conclude that two 90 domain walls exist in the same nanoparticle, which are

parallel in this case. The polarization direction would change across a

ferroelastic domain wall, in the way that is illustrated inFigure 3.1(g).
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Figure 3.1 Ferroelastic domain walls in BaTi@nanocrystal at room
temperature. (a)-(c) Diffraction patterns of a BaTiQ nanocrystal at the angles
indicated. The location of the 101 and 110 powder rings on the area detector is
plotted with yellow dash lines as guides to the eye. Omega Is the selation
angle of the sample stage. (d) & (f) Reconstructed imagef 101 and 110
diffraction patterns in (a) and (c), respectively, shown as isosurfaces of
amplitude to give the shape of crystalThe colour on the shape of nanocrystal
represents the complex phase, which can be reverted to displacement of crystal
unit-cell origins. (€) A joint view of (d) and (1), which gives a good match in
shape. (g) A sketch of the two parallel ferroelastic doain walls inferred from
these data at the position indicated by a black box in (e), which shows changes in
the polarization direction upon crossing domain wall. The Q direction is denoted,
which is determined by the difference of the incident and diffracté X-ray beam
wave-vectors. It denotes the Bragg reflection that was measured. The isosurface
plots here and in the other figures were generated using the 3D visualization
software Paraview [193].

In analyzing the 3D diffraction data to obtain these BCDg&constructions, it was
found to be effective to arbitrarily cut clearly split diffraction peaks into two
halves and to reconstruct the two peaks separately before reassembling them.
The cropping of intermediary fringes between the two peaks did not seriolsg
distort the resulting images, perhaps because the contribution of the fringes was
at a low level relative to the peak cenes. Further details of the influence of the
cropping are presented inAppendix. When the diffraction patterns of

nanoparticle in Figures 3.1 was reconstructed without splitting, shown in Figure
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E1, there was found to be seriously misaligned with missing volumes in both
cases. The combined double diffraction patterns, complete with the intermediary
fringes, should still be the Fourie transform of the complete, assembled patrticle,
so we would like to understand the reasons for this reconstruction failure.
Similar misbehaviaur was reported for calculated diffraction patterns of a model
nanocrystal containing an epitaxial interface bateen regions of different lattice
constant [194]. We, therefore, undertook simulations of double diffraction

patterns from known structures.

3.5 Simulated BTO bicrystal nanopatrticles
Simulations were performed to test this behaviar of the reconstruction

algorithms, which are shown in Figure3.2. A model BTO nanoparticle,
resembling that of Figure3.1, with three domains was built in a 512x512x512
array. The two domains on the top and bottom have a hemispherical shape with
a 32 pixds radius, while the middle domain has a cylinder shape that matches
the two hemispheres with a height of 16 pixels. The object was Fourier
transformed to generate its diffraction pattern, whose amplitude was then
reconstructed using the usual algorithms 11]. The diffraction pattern and
reconstructed images are presented in Figur8.2(a) and 3.2(e). Then the object
was split into separate arrays for the hemispheres and the cylinder, separately
Fourier transformed and then recombined as complex diffractiopatterns to
preserve the interference between the parts. When the two cergs were the
same, the result is shown in Figur&.2(a), while the split peak behaviar was
simulated offsetting the diffraction patterns before they were added together,
using different gaps between the diffraction pattern from middle cylinder

domain and the pattern from the two hemispheres, shown in Figurd.2(b-d).

The 3D diffraction patterns in Figure3.2(a-d) were recentred to their common
centre of mass (COM) before phase retrieval using the standard methods to give
the images in Figure3.2(e-h) [11]. Moving the two patterns apart from each
other, making them misaligned from the array ceng, is equivalent to

introducing phase ramps inside eaclof the particle segments in real space.

From the definition of the discrete Fourier transform, it can be seen that each

single pixel shift in reciprocal space corresponds to ag@phase ramp across the
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array in real space. When the gap between two patterngas 5 pixels in Figure
3.2(b) and 3.2(f), the reconstruction was successful: the crystal still has the full
shape, but there is an opposite phase gradient generated introduced in the
different domains, positive for the cylinder and negative for the hemidperes.
When the gap was increased to 15 pixels, in FiguB2(c) and 3.2(g), the ramp
becomes stronger, as expected, but the middle domain becomes misaligned and
displaced into one side. There are missing crystal volumes inside the middle
cylinder domain. Finally, when the gap reached 40 pixels, in Figu&2(d) and
3.2(h), the middle domain becomes completely misaligned. Strong phase ramps
and distorted density showed up in the middle cylinder domain and there is a

phase gradient in two hemisphere domains.

The two hemispheres are one object and give one diffraction pattern, while the
central cylinder is the other object and gives the other diffraction pattern. The
centres of each of these two diffraction patterns is not the centre of array. In our
reconstruction script, the phase ramps are removed at the end of all iterations. If
the array centre is not the centre of diffraction pattern, it would give the phase
ramp artefact. As can be seen in Figure 3.2(h), the two hemisphere has a slow
phase ramp, which neans their diffraction pattern is close to the array centre.
7TEEI A OEA AUl ETI AAO EAO A i OAE OEAODBPAO
from the array centre.

This behaviaur of the reconstruction algorithms is presently unexplained, but

the simulation results do reproduce the experimental behaviar found in Figure
E1l We have nevertheless confirmed that the peak splitting is the cause of the
apparent misalignment of reconstructed domains. It also justifies our strategy of
reconstructing the split peak diffraction patterns separately and manually
overlaying the images, which also avoids removing the phase ramps, which
would have appeared otherwise. For the nanopatrticle in Figure 1, the splitting of
two peaks, due to twin boundary, gave sepate reflections at 101 and 110. The
peak separation in reciprocal space is of order 0.0&81, which is considerably
more than the 15 pixels needed to disrupt the correct reconstruction of the

model ensemble nanoparticle in Figure3.2(c). This double peak econstruction
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failure using standard method is also reported in simulation works, where

different algorithms are proposed to solve this problem 194].

™ L T . 10 :
l© " (d
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Figure 3.2 Simulation of split peak diffraction patternreconstructions. A
nanoparticle with three domains was used to generate a 3D diffraction pattern of
which the central slice is shown in a 512x512 pixel array. The two peaks

corresponding to the hemispherical sides and cylindrical cene were given an
extra gap offsetting the two diffraction patterns by 0, 5, 15, 40 pixels from (a) to
(d). Their reconstructed images are shown as isosurfaces colored by the image
phase in (e) to (h), respectively.The initial object is also shown at the bottom.

3.6 Evolution of ferroelastic domain walls under phase transition
A 200nm BTO nanopatrticle showing the twirpeak diffraction pattern was

selected at 387.K. Similar to the example in Figur8.1, it had its two peaks
sitting on the 101 and 110 powder rings indicating tke presence of an internal
ferroelastic domain wall. Figure3.3 shows the BCDI reconstruction, obtained

directly from the double peak diffraction pattern, which clearly shows a 90

domain wall inside. At this elevated temperature, the peaks were close endutp
reconstruct together without requiring separating. The crosssection view in

Figure 3.3 shows the domain wall and two separated domains. The crystal planes
of the two domains can be said to be parallel since they both have constant phase
inside and there is a sharp jump of the displacement field across the twin
boundary. The phase ramps caused by splitting peak is negligible compared with
the large phase difference caused by domain walls, as indicated by standard

error of average displacement imppendx. This crystal also shows a small hole
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and spiral-shaped displacement distribution around the hole, which is an

indication of a dislocation, whose details are discussed below.

Top View

3*‘*’

Left View Right View

Bottom View

100nm
—

= Displacement .
1.424 0 1.42A
[

Ve

Figure 3.3 BCDI isosurfacamage of a BaTi®@nanoparticle containing two
domains separated by a ferroelastic domain wall at 387.2K. Five orthogonal
views and a crosssection are shown, as labelled, along with the Q vector for the
section view.

Section View

This nanoparticle was chosen to be treked during heating across the tetragonal
to-cubic phase transition temperature, nominally at 393K. The sample was
heated with a Boralectric ceramic heater stage, directly under the wafer, for
improved mechanical stability. This was driven by a voltageontrolled power
supply interfaced to EPICS/GDA. The temperature was monitored with a

thermocouple as shown in the figure below.
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Figure 3.4 The heating setup is shown. The thermocouple was put directly onto
the silicon wafer, which is next to the white BTO sample powde

Figure 3.5 shows a series of reconstructed images and corresponding slice of this
nanoparticle bi-crystal going from tetragonal structure to cubic structure and

back to tetragonal structure again by chaging the temperature. When heating

up the crystal before the phase transition, the shape of the crystal remains
unchanged, but the relative displacement of the two domains (calm) becomes
small. After heating up to the cubic structure, the two domains argeen to merge
into a single-color shape. Now in the cubic phase, the displacement differences
have diminished, while new regions of both tensile and compressive strain have
appeared on the surface of the image. When the crystal is cooled down back into
the tetragonal phase, the twin boundary comes back at the same position, so this
transformation appears to be reversible, showing that the domain wall location

is remembered by the nanoparticle.

Tetragonal Cubic Tetragonal
Phase Transition Phase Transition

1 i
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Figure 3.5 Images of a BaTi®nanoparticle upon crossing through its tetragonal
cubic phase transition. The top row is a series of contour views of the isosurface.
The second row shows phase (displacement) crossection maps taken in tle
middle of the nanocrystal, while the bottom row shows strain (a derivative of
displacement) maps as a function of temperature.

The measured relative displacement of the two domains during heating up and
cooling down are shown in Figure3.6(a) in solid line. The displacement field
decreases when increasing the temperature andice versa The standard error

of each point is discussed in theappendix. Close to phase transition
temperature, there appears to be a linear relationship of displacement differeec
with temperature on both heating and cooling. However, the slope during
cooling is-0.21, which is steeper thar0.48 while heating up. The goodness of fit

is discussed in theappendix. The tetragonality of this crystal during heating and
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cooling, derived from the position of diffraction peak cente, are shown in Figure
3.6(a) in dash line. Comparing with both, the tetragonality reproduces well.
However, there is a clear delay in the displacement field between cooling and
heating. This difference in slop can be thought of as a form of hysteresis,
commonly observed in phase transitions, coupled with the experimental
limitation of waiting a sufficient time for the structure to equilibrate at each
temperature. To estimate the width of the domain wall, the tplacement is

plotted along a line passing vertically in Figure 3 across the twin boundary in the
region away from the dislocation, shown in Figurg.6(b). The width of the

domain wall, where the sharp displacement slope could be seen, is below 30nm,
which is the estimated spatial resolution of the image. The change of the phase
across the step between the two crystals has a clear temperature dependence as

the phase transition at T=393K is approached.

The displacement inside a domain is interpreted as therystal distortion

projected onto the Q vector, or crystal plane displacement determined by the
Bragg reflection. The average displacement between the ferroelastic domains is
not caused by the accumulation of crystal distortion, but the structure of the
ferroelastic domain wall instead. Because our spatial resolution is the same as
the observed width of domain wall, the structure of the domain wall cannot be
resolved and the displacement is smeared out at the domain wall position, as
seen in Figure3.6(b). However, the relative displacement between the two
domains is a good way to quantify the influence of a ferroelastic domain wall
when the temperature changes. In this case, the relative displacement between
the two domains is seen to increase linearly nedhe phase transition
temperature. The reason for this change is not clear. There are possibilities that
this change is coupled with the changing of domain wall width, or the local
distortion at the domain wall becomes sharper due to the change of

tetragonality.
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Figure 3.6 (a) Average displacement difference between the two domains upon
heating and cooling are shown in solid line. Tetragonality of this crystal over
heating and cooling are shown in dash line. (b) Linglot of displacement over
distance across the twin boundary.
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For a comparison reason, Figure 3.7 listed some tetragonality changes with
OAIl PAOAOOOA ET 1T OEAO PAT PI AGO x1 OE8 4EAEO |
than 1.0024, while in our crystal the value is around 1.0012 around phase

transition. But it should be noted that the BTO sample has very different
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tetragonality for different samples. Also, our value is for selected single crystal,

while the values from literatures are the average value of powders.

3.7 Dislocation annihilation upon heating
Figure 3.8(a) and 3.8(b) show further details of the dislocation at the cente of

the ferroelastic domain wall inside the bicrystal. When the temperature is 387.2
K, the dislocation is located at the ceng of crystal. The length of this dislocation
is 178 nm. Upon reating up to 389.9K, this dislocation is found to move to the
left side and the length decreases to 128m. Further heating up to 392.&,
although the crystal is still in the tetragonal phase, causes the dislocation to
diminish again and then disappearThis dislocation does not come back during
the cooling stage of the experiment.

(a) T=387.2K

-&

(b) T=389.9K

f
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Displacement
100nm 1424 o 1.424
— [ ]

() ' ‘ ©T=3872K
—~T=389.9K
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-1+ b=2.834
v=0.23

Displacement (A)
[=1

Spiral angle (rad)

Figure 3.8 Dislocation annihilation upon heating. (a) Reconstructed crystal
image at 387.2K. (left) A dislocation line through crystal iscoloured. (right) A
slice view across the dislocation line. (b) Same as (a), but temperature is 38%K9
(c) displacement field plotted vs rotation angle around the lowdensity core.
Both experimental results and simulated curve from linear elastic theorgre
presented.

To identify the type of dislocation, the displacement field surrounding the low
electron density core is plotted as a function of rotation angle in Figurg.8(c).

The experimental data show a roughly linear trend of crystal displacement ove
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angle superimposed with two clear modulations. This is the characteristic of an
edge dislocation, for which is superimposed the simulated displacement field
according to linear elastic theory (LET), with details provided in the Appendix.

The experimentaldata give a reasonable match with the simulated results.

3.8 Conclusion
We studied the structure and arrangement of domain walls in 20@m BTO

nanoparticles by BCDI both at ambient temperature and across the tetragonal
cubic phase transition temperature. Domains and domain walls are commonly
found in these patrticles, giving rise to split coherent diffraction peaks. For
successful BCDI reonstruction with large peak split, it was necessary to separate
the peaks and manually reassemble the reconstructed 3D images afterwards.
Ferroelastic domain walls were identified and characterized at room
temperature. At temperatures close enough to theetragonal-cubic phase
transition, the split peaks of a particle containing a ferroelastic domain wall were
successfully reconstructed using both peaks together. This allowed us to
determine the sub-Angstrom relative displacement between two domains,
tracking its disappearance on approaching the phase transition to cubic phase
and reappearance when cooling back to tetragonal phase. We found a linear
relationship between the relative displacement of the two 90°domains over
heating and cooling close to thedtragonal-cubic phase transition. The domain
wall location was reproducible in this 200nm BTO nanoparticle. An edge
dislocation line was found at thecentre of the twin boundary inside this crystal
close to the transition temperature. This dislocation anihilated upon ramping

up the temperature and did not return upon cooling.
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Chapter 4. Polar domains in tetragonal barium titanate

nanocrystals at room temperature

Ferroelectric domains of roughly 100nm in size were identied in Chapter 3.
These large feroelectric domains have characteristic Bragg peaks on the two
adjacent (101) and (110) powder rings. When pgorming the Bragg coherent
x-ray diffraction imaging (BCDI) experiment on a randomlyoriented powder
sample, a submicron focused beam was usedn such case, the cexistence of

the two peaks on the two powder rings could be checked by moving the beam
around the sample. If the two peaks were found to turn on and off
simultaneously, then they were marked as coming from the same crystal. If the
two peaks were behaving differently to the movement of the-Xay beam, then
they were marked as coming from two separate crystals. After going through
more than a hundred of crystal patterns during several consecutive beamtimes
at Advanced Photon Source (ARSthe chance of finding both Bragg peaks from
same crystal in commercial barium titanate (BTO) samples was no more than
10%. The majority of the Bragg peaks were found to only have one peak with no
surrounding satellites. It suggests that thderroelectric domains of 100nm in size
are peculiar in the commercial BTO samples. Regarding the actual status and the

structure in those single Bragg peak crystals, we can make a few assumptions:

(a) The majority of the crystals preserve a single domain structure. The
whole crystals have only one polarization direction, so that a large
amount of surface charge would be generated.

(b)4EA AOUOOAI O I AU EAOA pymd AT 1T AET Oh
Bragg peak between the two powder rings, which would need 90°
domains instead.

(c) Instead of having a rigorous single polarized domain or a number of 180°
domains, the crystals could have small polar domains. If the domains are
small enough or distortions of a different symmetry, it may result in the
symmetric breaking of one cystal peak, but not necessarily breaking into

two Bragg peaks on the two powder ring as illustrated in Chapter 3.

94

x EE.



To further explore the BTO crystal structures and examine the existing
assumptions, further detailed BCDI experiments on BTO nanocrystals veedone
at APS 34ID-C. During the experiment, the crystals with clear facets were being
targeted because these allow us to retrieve the full set crystallographic directions
from the final reconstructed images. By mapping out the displacement field and
the derived strains, some unexpected straistripes networks have been
discovered. These stripes are understood as internal boundaries within the
crystal. The distribution of the strain stripes and their behaviours with

temperatures are illustrated in the rest of this Chapter and also in Chapter 5.

Contribution statement: Jiecheng and lan designed the experiment. Jiechetan,
Ross, Wonsuk, Ana, Longlong have helped with the BCDI experiment. Emil
carried out the PDF fitting to the scattering data. Jiecheng wrote the manuscript

with the help of lan.

4.1 Exsitu BCDI experiment and data processing

4.1.1Experimental details
The commercial 200nm BTO nanocrystals were suspended in ethanol solution

with 1% Tetraethyl Orthosilicate (TEOS) before dropcasting onto silicon wafers
and calcined at973 Kin air for 1h. Figure 4.1 shows a scanningextron
microscopy (SEM) image of the BTO nanopatrticles before and after the TEOS
calcining. The crystals have sizes ranges from 10@n to 1t i. There is no
noticeable change relative to the shape and size before and after the TEOS
calcining. As shown irFigure 4.1(b), the crystals have big facets on the surface,
but the shape is not perfect cubes. The TEOS is intended to create a thire SiIO

coating to stabilize the crystals, but this is not detectable in the SEM images.

After calcining, the BTO samples were put onto the sample stage at APSB4C

for an ex-s/itu BCDI experiment. The 600im X-ray beam, which is defined by the
coherencedefining JJ slits and focused by the KirkpatriBaez (KB) mirrors, was
selected to illuminate a small number of the crystalsThe default 9 KeV energy
was chosen for illuminating the sampleThe Timepix detector was set to the

{110} Bragg angle and placed 0.5h away from the sample stage, not too close for
satisfying the farfield imaging andoversampling ratio, and not too far for finding

the diffraction of the crystals easily. The setup of the geometry is schematically
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illustrated in Figure 4.2. The 11 crystals on the plate are the reconstructions of

11 different BTO crystals. These crystalaere not physically sitting next to each
other as in the schematic graph but laid out for illustration. Each of these crystals
was selected because of big facets showing up on their surface, with their actual
position unknown in the sample. The incident bam is also only an illustration.
During the experiment, the incidence angle on the substrate was between 3°and
5°to have a proper xOAU &£ T OPOET Oh 11 0 O1 1T 1 AOCA
peaks, and not too small so that the crystal peaks are atively sparse and

isolated.

CFN 5.0kV 4.4mm x40.0k SE(U) 10/

Figure 4.1 SEM image of BTO nanoparticles with a nominal size of 200nm. (a)
Commercial BTO powders with no TEOS calcining. (b) Commercial BTO powders
with TEOS calcining a873 Kfor 1h.

The aystal being illuminated by the Xray beam in Figure 4.2 shows directional
fringes. There are periodic fringes in all directions surrounding the diffraction
centre, which contain the crystal size information in three dimensions. Several
long tails of the finges can also be observed, which indicates the existence of
strong surfaces or interfaces. The recatructed crystal shape has four big facets
as marked by Facet A to D in the figure. The reconstruction details and the

reorientation of this crystal, caled BTG32, are discussed in the next section.

96

Oi

O



Facet A

Facet D

Figure 4.2 Schematic showing of the geometry for BCDI experiment on the BTO
nanoparticles. The threedimensional (3D) coherent diffraction patterns of one
/solated nanocrystal were measured at (101) reflections, which was then
reversed to the real space image and showed four big facets on the surface.

4.1.2 Reconstruction parameters confirmations
The crystal with four well-defined facets in Figure 4.2 was chosen faletailed

study of the convergence of the reconstruction. The clsiquare error metrics...
and difference metricsO are used for evaluating the goodness of the calculated
diffraction of the reconstructions in agreeing with the measured intensity
distributi ons. Their definitions are defined in Equation 1.35 and 1.36 in Chapter
1. The detailed descriptions of the parameters and the algorithms used in BCDI

reconstruction are provided in detail inChapter 1
(a) Shrink-wrap evaluations

The shrink-wrap is the support updating method as illustrated in Chapter 124].
For this crystal reconstruction, the Gaussian smoothing function was used to
help cropping out the noise and the artefact. There are also other methods like

box filtering or keeping the support as onstant voxels.

Figure 4.3(a) shows how the chisquare error metrics vary with the shrink-wrap

threshold. There is a chang®f-slope turning point in this plot where the
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threshold roughly equals to 0.23. Before the turning point, the slope snaller,

and it is considered that the shrinkwrap is still helping to crop out the artefact.
After the turning point, the slope becomes larger and it is believed that the
updated support is so strong and narrow, that it starts to cut out the volume of
the real aystal image. The reconstructed images with contour views and slices
views are shown in Figure 4.3(b). There are clear noises and artefacts in the
images when threshold equals to 0.05 and 0.1. When the threshold goes beyond
0.25, the crystal shrinks in &e and loses the real volume. Between 0.1 and 0.25
the images are very similar, so considered to be correct. Therefore, the shrink

wrap with a threshold of 0.20 is used for the reconstruction of this crystal.

(a) 03 T T T T !
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Figure 4.3 The reconstructions vary with the shrink-wrap thresholds. (a) Plot of
chi-square error metrics with respect to the shrinkwrap thresholds. (b) The
final reconstructed images using the shrinkwrap threshold from 0.05 to 0.40
with a 0.05 step size. The first row is the [ssurface contour view coloured by
displacement, while the second and the third rows are slices showing the two

derivatives of displacement in lab coordinates.
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(b) Algorithms evaluations

Some typical combinationsf algorithms were tested and compared. The details
of the algorithms are listed in Chapter 1. Thguided algorithm (GA) was turned
on with a trigger of [5,180], which means that the first algorithm would go
through 1 to 5 iterations, while the second algrithm would turn on from 6 to

180 iterations, and then turning back to first iteration again.

The Error Reduction (ER) + Hidden Point Removal (HPR) combinations gives
the lowest chisquare error metrics of 1.7%. Quite a few combinations also give
reasonable chi-square matrices around 20%. For example, the typical ER +
Hybrid Input Output (HIO) gives a chisquare of 21%. While some combinations
are not working well in this case. For example, the ER+HIAMP gives a chi
square more than 10%. In this Chapt, the typical ER+HIO is used for
reconstructing the crystal.

Table 4.1 The chisquare error metrics of the reconstructions using different
algorithm combinations.

_ Crystal
Algorithm Reconstructed images Reconstructed images
combination _ duy du/
metric dy 0z
S —0.6 Y m— —_—0.6% | —0.6% m— —.6%
S

ER + HPR 1.7%

ER + DM 1.9%
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ER + HIOv 1.9%
ER +HIOb | 2.0%
ER + HIOso | 2.0%
ER + DMr 2.0%
ER + Guided
HIO 2.1%
ER + HIO 2.1%
ER + HIOsi | 2.3%
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ER+ASR | 2.5%

ER +RAAR | 2.6%

ER + RAARvV| 2.6%

ER+HIOp | 3.1%

ER + GRAAR 3.6%

ER + HIGOR| 3.7%

ER + HIO 10%
AMP

(c) GA parameters
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