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Abstrakt:
Feroelektrické perovskity obsahujici ionty olova maji aplikaéné zajimavé fyzikalni

a strukturni charakteristiky. Je znamo, Zze doménova struktura méa zcela zasadni vliv na
jejich dielektrické a piezoelektrické chovani. Navrhem doménové struktury lze vhodné
modifikovat makroskopické tenzorové vlastnosti téchto latek.

Feroelektrické domény hraji také kliCovou roli ve fyzice tenkych epitaxnich filmu.
V této praci jsme se zaméfili na projevy doménové struktury v tenkych filmech PbTiOs,
pfipravenych pomoci chemické depozice z plynné faze organokovovych prekurzord na
raznych krystalickych substratech, napt. LaAlO3, MgO, NdGaOs, SrTiOz, LSAT, atd.
Nekteré aspekty doménové struktury mohou byt odhaleny pomoci infracervené a
ramanovské spektroskopie. Rozdily v doménové struktufe jsou zplisobeny riznymi vlivy,
jako napftiklad tloustkou filmu, rozdily mezi pfirozenymi mfizkovymi parametry vrstvy a
podlozky, atd. Lokalni informaci o architektufe feroelektrickych nanodomén v téchto
filmech lze ziskat pomoci rastrovaci mikroskopie piezoodezvy (PFM). Detailni studium
PbTiO3 filmu na LaAlO3 substratu umoznilo pozorovat fadu typi doménovych
usporadani obsahujici kombinace vSech 6 typu tetragonalnich feroelastickych stavii a oba

typy kompatibilnich doménovych stén (180° a 90° stény).



Daleka infracervena spektroskopie komplexni permitivity keramiky PbTiO3 ndm
umoznila demonstrovat existenci nékolika novych miizkovych modu, tzv. geometrickych
resonanci. Tyto dodate¢né hybridni excitace zptusobené nehomogennim dynamickym
depolarizacnim polem se vyskytuji ve spektru spole¢né s dobfe znamymi polarnimi médy
homogenniho PbTiOsz krystalu. Srovnani naSich experimentd a modelovych vypocti
ukazuje, e silné geometrické resonance vokoli 300 a 500 cm™ jsou spojené
S pfitomnosti 90° feroelektrickych stén.

V praci byla také studovana anizotropie makroskopické dielektrické odezvy
piezoelektrickych PZT keramik ve fononové frekvencni oblasti, vtisknutd procesem
jejich polovani v elektrickém poli. Vysledky studie jsou diskutovany v kontextu

ptispévki jednotlivych polarnich modi a modelt efektivniho makroskopického prostiedi.

Kli¢ova slova: feroelektrické domény, infracervend spektroskopie, ramanovska

spektroskopie, zobrazovani metodou PFM, tenké filmy, PbTiO3 keramika, PZT
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Abstract: Lead based ferroelectric perovskites exhibit attractive physical and structural
properties. Ferroelectric domains are known to have a very essential impact on dielectric
and piezoelectric properties of ferroelectrics. Tailoring of domain structures allows to
change the macroscopic symmetry of the material and to purposely modify its average
tensor properties.

Ferroelastic domains play also a key role in physics of epitaxial ferroelectric
films. Here we studied signature of domain structure in PbTiOs thin film grown by
metalorganic chemical vapor deposition technique on different substrates, namely
LaAlO3;, MgO, NdGaOs, SrTiOs (100), SrTiO3 (110), SrTiOs (111) doped with 0.5% Nb
and LSAT. Certain aspects of domain structure can be conveniently revealed by using
infrared reflectance and Raman spectroscopic techniques. Differences in domain pattern
are associated with different aspects related to the thin film like the film thickness, lattice
mismatch between substrate and thin film, etc. A local insight into the complex
nanodomain architecture can be seen using piezoresponse force microscopy imaging
techniques. A detailed study of 250 nm and 110 nm thick PTO/LAOQ thin film has shown
different patterns of ferroelectric domain structure with all six tetragonal ferroelectric
domain states and both 180° and 90° ferroelectric walls.

The far-infrared reflectance and theoretical investigation of complex dielectric

permittivity on PbTiOz ceramics reveals the presence of several additional modes

Xi



identified as the so called geometrical resonances (i.e., extraneous hybrid excitations
created by inhomogeneous depolarization fields) besides the well-known polar modes of
bulk PbTiOs. A comparison of our experiment and model calculations suggests that the
strong geometrical modes located near 300 and 500 cm™ are associated with the presence
of 90° ferroelectric walls. This work also investigates the anisotropy of the macroscopic
dielectric response of poled PZT ceramics in the phonon frequency region, introduced
due to the poling processes. The results are discussed in terms of distinct polar phonon

contributions and effective medium theory.

Keywords: Ferroelectric domains, Infrared Spectroscopy, Raman Spectroscopy, PFM
imaging, PbTiOj3 thin films, PbTiO3 ceramics and PZT.
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CHAPTER 1 Introduction

1.1 Introduction: Motivation

The nature has wide resources to support the necessities of mankind. Investigation
into the different phenomena of nature was of prime interest during all times. Discovery
of ferroelectricity by J. Valasek (1921)! in Rochelle salt has opened a new era of
materials with ferroelectric properties. Ferroelectric materials are widely used for
application as sensors and actuators in electromechanical systems.? The major part of
non-volatile memory prepared for computer memory industry uses ferroelectric

materials.>* Figure 1.1 shows the demand of ferroelectric materials and its applications.

non-destructive miscellaneous 4% acoustic
testing 6% devices/resonators
3%
accelerators/ IT/robots 32%

sensors 6% \
ecology and energy/

harvesting 7%

bio/medical 11%

semiconductor
manufacturing/
precision machines
19%

sonar 12%

Figure 1.1. Diversified market of ferroelectric materials with piezoelectric properties>.

Ferroelectric materials are dielectric materials having pyroelectric’ and
piezoelectric” properties. Ferroelectric materials are polar crystals™, with spontaneous
polarization (Ps)", such that the polarization can be switched” and forms hysteresis loop

where polarization varies according to the applied electric field. High permittivity and

f_PyroeIectric property is the change in polarization due to the change in temperature.

" Piezoelectric property is the appearance of strain (deformation) due to the applied electric field.
" Polar crystals have electric dipole moment associated with them even in the absence of an
external field.

" Spontaneous polarization is the electric polarization a material possesses even in the absence of
electric field.

¥ Polarization switching is the process of switching the spontaneous polarization by applying
electric field, magnetic field, stress, etc.



low dielectric losses make the ferroelectric material suitable for wide range of

applications.

32 Crystal Classes | _, |11 Centro-symmetric
(Point Group) J Classes

l

21 Non-centric
Classes

l

20 Piezoelectric | ___, [ 10 Non-pyroelectric‘}
Classes

l

10 Pyroelectric || m————
(polar) )

— [ 1 Non-Fiezoelectric }

Non-ferroelectric }

Ferroelectric

Figure 1.2. A classification scheme for the 32 crystallographic point groups.

Ferroelectricity being a symmetry based phenomenon can be studied as a sub-
class among the 32 point groups symmetry as shown in figure 1.2. Out of the 32 point
symmetry group, only 21 are non-centrosymmetric groups. Here 20 of the non-
centrosymmetric groups have piezoelectricity effect. Among the 20 non-centrosymmetric
groups, 10 are pyroelectric that exhibit spontaneous polarization property. All
pyroelectric materials do not show polarization reversal as the ferroelectric materials.

Thus all ferroelectric materials are pyroelectric but not all pyroelectric materials are



ferroelectric. The polarization reversal characteristic for ferroelectric materials is related

to the domain“ pattern.

1.2 Domains

Systematic and in-depth study of the domains and their behavior with respect to
temperature, electric field, pressure, etc., will help to understand ferroelectric materials
with ease.® The domains can be engineered to modulate the ferroelectric properties.
Various phenomena associated with the ferroelectric domains like domain formation,
types of domains, domain wall movement, twinning, etc., will help to understand these
systems in nature.’

Further investigations towards the miniaturization and price reduction have
developed thin films with properties as or better than their bulk counterparts. Literature
shows that ferroelectricity was observed in BaTiO; (BTO) thin films between two
metallic SrRuO; electrodes in short circuit down to about 6 unit cell, that is =24 A% The
application of ferroelectric thin films in the field of microelectronics, sensors,
piezoelectric devices, etc., has successfully overcome the challenges of this century.” *°
Various phenomena like stress and strain, domain formation, defects, grain size effects,
etc., formed during the process of thin film preparation influence their properties. **

Theoretical predictions show that the domain formation in PbTiO3z (PTO) films is
a process of stress relaxation*?. The domain configuration can be predicted as a function
of lattice mismatch and temperature.*****>!® Domains formed during the process of
stress relaxation in the ferroelectric thin films influence the physical properties such as
dielectric, piezoelectric and optical ones.**"*® Three- dimensional polarization imaging
in epitaxial polydomain ferroelectric thin film was performed to explain why the
ferroelectric domain structure is formed at/and/below the cubic-to-ferroelectric phase
transition (PT)."

Different experimental techniques are widely used to study the properties of
domains in thin films. Various scanning probe techniques such as voltage modulated
scanning force microscopy™, force microscopy®, friction microscopy?, scanning force

22, 23

microscopy , etc., have been successfully used to peep into the domain structure

¥ Ferroelectric domains are regions where the spontaneous polarizations are uniformly directed.

3



formed in epitaxial ferroelectric thin films. Domain evolution in ferroelectric epitaxial
thin films can be studied by X-ray diffraction (XRD)*. We shall show that the
spectroscopy is also a suitable tool for studying the domain structure and its

transformation.

1.3 Perovskite

Perovskite materials, first discovered by L. A. Perovski in 1839, have the general
chemical formula ABO3. Here ‘A’ and ‘B’ are cations, with ‘A’ larger than ‘B’ and O,
is the anion that bonds to both cations. The typical perovskite structure is shown in
figure 1.3. In a cubic unit cell, type ‘A’ atom sits in the corner positions (0, 0, 0), type ‘B’
cation occupies the body centered position (%2, ¥, ¥2) and oxygen atom occupies the face

centered positions (%2, %2, 0).

O ro» O 0> @T

Figure 1.3. Structure of a
[#) o ©  perovskite with the chemical
v W ‘SN - W 4 formula ABOs. The green spheres
—— C)/ P are the ‘A’ atoms (a large metal
e ¥ cation, such as Pb*", Ba?"), the red
N TNy } spheres are the ‘B’ atoms (a
oA 9 O~ —0© smaller metal cation, such as Ti*")
i W/ o s and the blue spheres are the
0 O O O oxygen atoms. (a) Cubic structure
(b) an4d (b) tetragonal structure with
Ti*" displaced giving it an

elongation along c axis.

Most of the useful ferroelectrics, such as BTO, PTO, strontium titanate SrTiOs
(STO) etc., have the perovskite structure. The perovskite structure is very tolerant to the
cation substitution into the ‘A’ and ‘B’ positions giving rise to many ferroelectric
perovskite materials with wide properties. Compounds with such compositions as:
Pb(ZrTi)Os, (LaNa)TiOs, (BaCa)(TiZr)Os, (BaSr)TiOs, (BaSr)TiOs, (NaBi)TiOs,
(INaBi]Ba)TiOs, etc., also belong to perovskite family.

The ideal cubic perovskite crystal structure has three triply degenerate zone-center
modes, which are infrared (IR) active modes of F1, symmetry. The first mode, called the
Last-mode®® (expected at the lowest frequencies in PTO) has the oscillation of A-cation



against the BOs octahedra framework. The second mode, called the Slater mode®
corresponds to mutual B vs. rigid Og oscillations. The high frequency IR active mode
called Axe mode® corresponds to the bending of the Og octahedra. Last, Slater and Axe

modes are shown in figure 1.4 a, b and ¢ respectively.?®

(a) () (c)

Figure 1.4. Eigen-displacements (normal co-ordinates) of (a) Last, (b) Slater
and (c) Axe zone-center modes in PbTiOs?.

1.4 Overview of the Thesis

This doctoral work presents the report on investigations of phonon modes and
domain structure in PTO ceramics, PTO thin films and PZT ceramics. The content is
arranged as follows:

Chapter 2 is dedicated to the basic concepts regarding the IR active phonons,
lattice vibrations, ferroelectricity, ferroelectric domains, thin film technology etc.

Chapter 3 describes the experimental techniques used for our investigation of the
phonon modes and domain structure, such as IR spectroscopy, Raman spectroscopy and
Piezoresponse Force Microscopy (PFM) imaging.

In Chapter 4 we present the attempts of detailed investigation of PTO ceramics
using terms of PFM imaging, IR spectroscopy and domain structure.

Chapter 5 gives an overview and a preliminary report of PTO thin films
epitaxially grown on different substrates namely LAO, LSAT, MgO, NGO, STO (100),
STO (110) and STO (111) doped with 0.5% Nb.

Chapter 6 presents studies of PTO thin films grown on LAO substrates of two
thicknesses, namely 250 nm and 110 nm, done using IR spectroscopy, Raman
spectroscopy and PFM imaging. Among others, it includes description of data evaluation

strategy and application of effective medium approximation.

5



Chapter 7 is devoted to investigations of the anisotropy appeared in PZT ceramics
due to electric poling. The influence of poling and depoling on far-infrared response is
studied using IR spectroscopy.

Chapter 8 concludes the observations and results reported in this work.

Chapter 9 takes the reader into the future, listing the future work that can be done
on the above mentioned samples.

Figure 1.5 gives the schematic diagram on the layout of this work.

4 B

Chapterl: Introduction

l

4 B

Chapter2: Basic Concepts

I

[ Chapter3: Experimental ]
Techniques

{ , |

Chapter4: PTO [ Chapter5: PTO .
[ Ceramics ] this Tl [ Chapter7: PZT ]

!

Chapter6:
PTO/LAO

%

Chapter8: Conclusions ]

v

Chapter9: Future Works ]

Figure 1.5: Schematic diagram on the overview of the thesis.



CHAPTER 2 Basic Concepts

2.1 Lattice Dynamics: Introduction

Crystals have a unique arrangement of atoms exhibiting long range order and
symmetry. Lattice specifies the periodic array of the atoms. Any point in a lattice can be
described by the vector r,

r=n;a+nyb+nsc (2.1)
where ny, npand ns are the arbitrary integers and a, b and c are the translation vectors.

A primitive unit cell is the smallest repeating unit of the lattice. It is characterized
by the three lattice constants (in 3-dimensions) namely a, b and ¢ which gives the length
of basic vector and a, 8 and y angles which separate these vectors from one another.®
Figure 2.1 shows the structure of a unit cell where a, b, and ¢ are the unit cell length and

a is angle between b and c, § is angle between a and ¢ and y is angle between a and b.

4
z

o
3

Figure 2.1. Unit cell with lattice
x parameters a, b, c and angles a, f, 7.

Lattice dynamics is the study of vibration of atoms in a crystal. This is the basis
for many macroscopic properties like specific heat, dielectric properties, interaction with
radiation (infrared absorption, Raman scattering), structural PT, etc.

Thermal excitation can induce interatomic motion in lattice which is a collective
phenomenon. The lattice vibrations in which all atoms move with the same frequency and
phase are called normal modes. Quantized lattice vibrations are called phonons that are
bosons possessing zero spin and obey Bose-Einstein statistics like in the case of photons.

The modes that interact directly with light are called IR active. The phonon
frequencies are related to the wavevector K through dispersion relation given as
w=wi(K). This can be plotted in Brillouin zone. In a crystal with N unit cells, three
branches of the dispersion relation are translational and zero for K=0 are called acoustic

branches and the remaining 3N-3 branches are called optical branches. For acoustic



branch the atoms in a unit cell vibrate in the same direction and for optical branch the

atoms in the unit cell vibrate in opposite direction as in figure 2.2.%

[=3
e

Equilibrium
L @ S @ g
M, i, Position
> — @ Cr——— @ p L4 4
[ ] ® [} ] Equilibrium :
; | 1 : : 1 1 +_|Position ®r—)—— B @< LT EK 0
I I I I I | | I | K=
A 65— 8-
I I I I I | | I i
! I | 1 | | | | H
% o L & < & < |Acoustical ‘ _____ _9 _________ ‘ ______ ?_ ______ " _____ 9 Tov
! ! ! ! ! ! ! ! | Vibration
_________________________ - L&
I ® Ot O @r—-O L4 4
L L L o v @O @—C» 1O |
e 3 & & fom e
| 1 | | | |

Optical
} : Vibration ‘"----O---------,-------O--------‘------O Ta

L O o (;)— —————— s {STO‘:'

Figure 2.2. Schematic representation of Figure 2.3. Atomic displacement
acoustic and optical vibrations. In acoustic pattern of a diatomic chain for
vibration atoms in a unit cell vibrate in the transverse and longitudinal modes at
same direction, while for optical vibration the Brillouin zone boundary.

atoms in a unit cell will move in opposite

directions.

Transverse and longitudinal motion of atoms are associated with acoustic and
optical vibrational branches known as transverse acoustic (TA), longitudinal acoustic
(LA), transverse optical (TO) and longitudinal optical (LO) modes. Figure 2.3 shows the
atomic displacement pattern of a diatomic chain for transverse and longitudinal modes at

Brillouin zone boundary.*

2.2 Infrared Active Phonons

In ionic crystals, the optical phonons may correspond to mode of vibration where
the positive and negative charged ions move in opposite direction developing a
macroscopic dipole moment in the crystal. Such modes couple directly with the
electromagnetic field of IR radiation. Thus optical phonons are able to absorb and reflect
light and become IR active. This process is shown in figure 2.4.

Here the dispersion of light showed by dotted lines has a constant slope given
byv =c/n, where n is the complex refractive index. In order to have the same frequency

and wavevector for photon and phonons, the dispersion curves must be intersect each



other. Since c/n>>v,, where v is the velocity of sound in the medium, the only

intersection point for the acoustic branch occurs at the origin, while for optical branch the
interaction occurs at finite angular frequency shown by a circle in figure 2.4. As the
optical branch is flat, for small K the resonance is equal to the frequency of the optical

mode at K=0.*

! Optical Branch

8—!

Acoustical BEranch

Figure 2.4. Dispersion curve for the
acoustic and optical phonon branch in a
typical crystal with a lattice constant a.
The dispersion of the photon waves is
shown by the dotted lines.

v

3
b

0 K——
In reality the vibration modes are anharmonic. Consider the simple case of
displacement of the positive and negative ions in TO mode in opposite direction. If x is
the relative displacement of the positive and negative ions within their unit cell, the atoms
sit in a potential well of the form*
U(x) =C,x*>+C,x*+C,x*+.. (2.2)
In equation (2.2) the term with x* is the harmonic term, leading to harmonic
oscillator equation of motion with a restoring force —dU/dx proportional to —x. The
anharmonicity allows the phonon-phonon scattering process. Thus phonons have finite
lifetime (tp) and thus lattice vibrations are not travelling infinitely through the crystal.
Thus lattice vibrations can be treated as damped harmonic oscillators due to
anharmonicity, which accounts for the damping (y) of the modes. The damping term has

an effect of reducing the peak absorption coefficient and broadening the absorption line.



2.2.1 Transverse and Longitudinal Phonons

Considering an ionic crystal with two or more types of atoms in the unit cell, the
magnitude of time varying dipole is given by:

p(t) = ax(t) (2.3)
where x(t) is the time varying displacement of the ion (atom) from the equilibrium
position and g is the (transverse) effective charge. The atom absorbs energy (IR
absorption) when the oscillating dipole frequency wro is equal to the frequency w of the
external electromagnetic wave.

The equation of motion for the displaced atom as the TO phonon interacts with

the IR light is given as®*:

dt? 7dt

+a)T20X:gE (2.4)
u

where y is damping, k is the restoring constant,  is the reduced mass, w,, = (k/u)"? is

the TO resonance frequency and E is the electric field due to the IR light. The complex

dielectric function is given as:

Ng? 1

Eoll Wy —0° —iyw

where &, is the high frequency dielectric constant and N is the number of unit cells per

g (w)=¢, + (2.5)

unit volume.
It is useful to introduce so-called oscillator strength f and a dimensionless

quantity Ae, usually called dielectric contribution or a dielectric strength,
As=-T =1 Mo (2.6)

z T
wTo WTg EpH

At zero frequency, we have thus

£ = £, +As (2.7
where ¢gq is the static dielectric constant. Thus the classical dielectric function becomes
g (w) = e, +Ae5—2— (2.8)
wig —w =iy

In the medium with no free charges:

V.D =V.(5,5,.E) =0 (2.9)

10



where D is the electric displacement, E is the electric field strength, &, is the electric

permittivity and e is the relative dielectric constant. Equation (2.9) has two solutions:
i. for transverse waves that propagate in a direction perpendicularto E, V.E =0,&, =0
ii. for longitudinal waves that propagate in a direction parallel to E,V.E =0, thus

g, =0. Thus the dielectric function (eq. 2.8) becomes zero for longitudinal waves.

£ + As—2T0_ — (2.10)

z z
wWTg— Lo

The TO-LO splitting of a polar vibrational mode is related to the oscillator strength as:

vip_wip _ A= (2.11)

l:'-"'JT'L'.I S
Combination of equations (2.7) and (2.9) gives the Lyddane- Sachs- Teller (LST)

relation.

fp l:'-'ir.'.l
£ = 2.12
fro LT ( )
Summing up the ionic susceptibilities of independent oscillators that vibrate along
a given polarization, gives the classical dispersion model as:

Z
o A

E= &, + E}- ﬂﬁjm (213)
The LST relation can be generalized for N atoms as>* % *°
==TL (2.14)

2.3 Ferroelectricity

Ferroelectric materials are polar materials that exhibit spontaneous polarization Ps
which can be switched from one equilibrium state to another by applying suitable electric
field. Switching of polarization and domain wall in ferroelectric materials by applying
electric field gives ferroelectric P-E hysteresis loop. A Sawyer-Tower circuit®’ can give
hysteresis loop for ferroelectric materials as shown in figure 2.5(a).
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Figure 2.5. (a) Ferroelectric P-E hysteresis loop. Circles with arrows represent the
polarization state of the materials at the indicated fields. This loop is measured on a
(111)-oriented 1.3 pm thick sol-gel Pb(Zro4sTios5)O5 film. (b) Idealistic strain-electric
field (x-E) hysteresis loop in which polarization is reversed by 180°*.

By applying a small electric field, the segment AB in figure 2.5 shows linear
growth of polarization with the field. In this region, the field is not strong enough to
switch the domain states. IR field strengths fall in this region. As the field is still
increased (the segment BC), the domains with unfavorable direction of polarization will
start to switch along the crystallographic direction that is close to the direction of the
field. All domains are aligned in the same pattern at the point C, further they follow a
linear pattern as segment CD. When the field starts to reverse (point E), the domains tend
to switch back. When the applied field is zero, the polarization is non-zero (point Pg)
called the remanent polarization as some of the domains are switched back. The field
necessary to bring the polarization to zero is called coercive field (E.) (point F). Point G
is reached as the field is still increased in the negative direction. Here the domains are
aligned in the opposite direction as it was at point C. The field is increased in positive
direction to complete the hysteresis loop.

In ferroelectric materials, the polarization switching by electric field is also
related to strain-electric field (S-E) hysteresis loop, which resembles the shape of a
butterfly as shown in figure 2.5(b). This is due to the converse piezoelectric effect of the
lattice, and due to switching and movement of domain walls. The quadratic S-E
hysteresis loop can be understood with respect to the P-E hysteresis loop. At point 0 the

strain is taken as zero. The straight portions 1-3 and 5-6 are the true piezoelectric
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component of strain and its slope gives the piezoelectric modulus, ds3. At points 3 and 6,
the coercive field is reached and the field is large enough to switch the direction of
polarization. During the field cycling the remanent strain is observed at zero field (point
0), if domains in general do not switch to their original position at zero field.**%® For the
experimentally observed butterfly loop to be straight, nonhysteretic lines, the single-
domain state must be reached by high electric field. As for polydomain crystals the strain

from movement of domain walls is strongly nonlinear and hysteretic.

2.3.1 Phase Transitions

Ferroelectric materials undergo structural PT as they pass from high-temperature
paraelectric phase to low-temperature ferroelectric phase. These PTs can be associated
with changes in the dimension or shape of the crystal unit cell (cubic, tetragonal,
rhombohedral, etc.), with strong anomalies in dielectric and thermal properties, domain
formation, etc. The paraelectric phase has no spontaneous polarization (Ps) and is rarely
polar. In this thesis we shall consider perovskite ferroelectrics where the paraelectric
phase is cubic. Figure 2.6 shows the example of different structural transformations as

the perovskite material passes from paraelectric to ferroelectric phases.

@r 4
@0

oB ¢

(&) (0) (c) (d)

Figure 2.6: Perovskite unit cell in (a) cubic structure, (b) tetragonal structure, (c)
orthorhombic structure and (d) rhombohedral structure.

In cubic structure a = b = ¢ and the angle a between axis b and c, angle 5 between
axis a and c, and angle y between axis a and b are 90°. As the temperature is lowered, for
instance, in BTO, it undergoes a series of PT like tetragonal, orthorhombic and
rhombohedral. In tetragonal phase there is an elongation along c axis, i.e. [001] direction

and the angle between the axes remains the same. In orthorhombic structure the
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elongation is along the [110] directions and a = c>b. In rhombohedral phase a =b = ¢
with unit cell distorted along [111] direction.

The number of domain states in each ferroelectric phase varies according to the
energetically equivalent directions of the Ps. The possible direction of Ps in tetragonal,

orthorhombic and rhombohedral phases is given in figure 2.7.

a z B0° 109°
‘90° 120/ B0 1o
:120°
; ENig 5 109°
. 180°
180° | @
<+ > _
‘90“ nge 714
(&) (B {c)

Figure 2.7. Directions of Ps in (a) tetragonal phase, (b) orthorhombic phase and (c)
rhombohedral phase. Angles between polarization direction ’0’ and its symmetry
equivalent ones are indicated®.

2.3.2 Ginzburg-Landau Theory

The properties of ferroelectric materials can be treated on macroscopic scale
considering the laws of thermodynamics. The simplest Landau theory at E=0 describes
the ferroelectric material in terms of free energy F expanded in power of polarization P

(primary order parameter), as a polynomial expansion given as:
For+2p2 4 0pe Cpo (2.15)

2 4 6
where P is independent part of the free energy, b and c¢ are constants and coefficient a is
considered to be linear function of temperature:
T-T,
C

where T is temperature, Ty is transition temperature and C is Curie constant and b, ¢ can

a=

(2.16)

be considered as temperature independent parameters. The equilibrium is determined by

the condition * _ 040 41,42
oP
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2.3.2.1 Second-Order Phase Transition
For the Landau coefficient b > 0, the ¢ and higher terms in equation (2.15) may be
neglected and the equilibrium condition:

T;—TO P+bP®=0 (2.17)
leads to a second-order PT. Indeed for T > Ty, the ferroelectric material is in paraelectric
state with the free energy having only one stationary point at P = 0, as given in figure 2.8.
In ferroelectric phase T < Ty, the state P=0 becomes a local maximum and there appears
two degenerate minima with equal P # 0 states. The Ps is obtained in the absence of

electric field as P? =—a/b, so that:

T>Te, P.=0 (2.18)

S

T<Te, P, =—a (2.19)

S

The dielectric susceptibility is given as:

C
forT>Te, v = 2.20
¢ X=7 T, (2.20)
forT<Tc, y= L (2.21)
2(Ty—=T)
Thus susceptibility diverges at To as seen in the figure 2.8 (c).
P2 $
X
T —» T —»
(b) (@)

Figure 2.8. Summary of properties of second-order PT with respect to (a) free energy, (b)
temperature dependence of polarization and (c) temperature dependence of reciprocal
susceptibility“.

2.3.2.2 First- Order Phase Transition

When the Landau coefficient b < 0 and ¢ > 0, the equilibrium free energy

expansion describes a first-order PT. The equilibrium condition can be written as:
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Ty

P+bP?+cP*=0 (2.22)

The transition (Curie) temperature at which free energies of paraelectric and ferroelectric
phases are equal occurs at:

(2.23)

-3b I
At T = Tc, P52=4—. Thus the order parameter and susceptibility are
c

discontinuous at Ty as shown in figure 2.9.

T 1

F P,
X
. . /
P N =
T—

T ,

(@) (b) (c)

Figure 2.9. Summary of properties of first-order PT with respect to (a) free energy, (b)
temperature dependence of polarization and (c) temperature dependence of reciprocal
susceptibility*.

2.3.3 The Concept of Soft Mode

Soft mode is the lowest optical mode whose eigen frequency approaches zero
(softens) at a critical temperature as the temperature is reduced.*”® This happens e.g. if the
short-range interaction force is compensated by the long-range Coulomb force, the
frequency of the soft TO phonon converges to zero at T, leading to an instability of the
crystal lattice with respect to the soft TO phonon. In this case, the phase transition is
called a displacive phase transition. In cubic perovskite, one of the F1,(TO) phonons is
responsible for the displacive ferroelectric PT.>" Due to the relative displacement of
cations and anions, the soft mode induces a non-vanishing polarization P. A divergence
in static permittivity is also related to soft mode. Cochran law for soft mode frequency

wswm IS given as
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wly = A(T —T,) (2.24)
where T. is the critical Curie temperature and A is a constant. The soft mode is IR active
for proper ferroelectric transitions where the order parameter is polarization. Thus the IR
oscillator strength assumed as

fou = Desyeiy (2.25)
is temperature independent across the PT. The static permittivity of the ferroelectric is

proportional to Curie-Weiss law, thus from LST relation (equation 2.14)

z
1

(2.26)
Thus the temperature of €(0) can be predicted from soft mode temperature dependence if
the longitudinal frequency is temperature independent.

In order-disorder system the anharmonicity is higher. In paraelectric phase the
atoms hop among different possible minima of the potential well. As the temperature is
lowered across the PT temperature, the atoms stay in one of the minima giving a more
ordered structure with lower entropy in ferroelectric phase.

The contribution of hopping of ions to dielectric relaxation below the polar
phonon frequencies is explained by Debye model. The equation of motion of such
dielectric relaxation process usually in the microwave (MW) or THz range is given by:

dp 1

—+=p=1fE 2.27

o (2.27)
where f is the oscillator strength having effective charge and effective mass of the mode

and 7 is the relaxation time of the order parameter. The permittivity is given as:

& (w) = +é&, (2.28)

In many cases the soft mode is coupled to an additional low energy mode is called
central mode.”® The central mode rises mainly due to the anharmonicity of the lattice.*’

2.4 Ferroelectric Domains

In ferroelectric phase, domains are formed because the Ps can have at least two
possible equivalent directions. Thus the energy degeneracy of different directions of Ps
leads to the appearance of ferroelectric domain structure.®® Inside a domain the

polarization is homogeneous. The adjacent domains are separated by domain walls lets
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consider tetragonal BTO. The 180° domain wall separates the domains with Ps of
opposite direction. The 90° domain wall separates the domains which have their Ps at 90°
and is accompanied by a rotation of the spontaneous strain tensor.*® Thus the 90° domain
wall is ferroelectric and ferroelastic, whereas 180° domain walls are only ferroelectric in
character as they do not have spontaneous strain tensor rotation across the domain wall.*®
In some ferroelectric materials both 180° and 90° domains are seen simultaneously, for
example the domain structure is called Herring- bone type structure. The different types

of domains are shown in figure 2.10.

]

-

(a) (0)

Figure 2.10. Types of domain structure (a) 180° domain, (b) 90° domain and (c) Herring-
bone type structure both 180° domain and 90° domain

2.4.1 Domain Formation

Perovskite ferroelectric materials are generally ferroelastic also. Thus the angle by
which the Ps rotates at the domain wall can characterize whether the domain wall is only
ferroelectric or also ferroelastic. For a tetragonal crystal the domains can be ferroelectric
and ferroelastic giving rise to four types of simple domain structures namely 180° a-a
domain, 180° c-c domain, 90° a-c domain and 90° a;-a, domain structure. The vertical
and lateral Piezoresponse Force Microscopy (PFM) helps to visualize all types of
domains.”® As epitaxial thin film is strained and clamped by the substrate, ferroelastic
domains are formed.’®*® The different domain patters corresponding to ferroelectric

crystals and thin films are shown in figure 2.11.

18



| * ﬁ JI#' ) f _,,-' ;:_,,,. ; y
— __.r'f - _f; ' — —_.r'f . /
(&) (5 (cf)

Figure 2.11. Domain structures formed in tetragonal crystals: (a) 180° a-a domain, (b)
180° c-c domain, (c) 90° a-c domain and (d) 90° a;-a, domain structure *°.

In ferroelectric ceramics during PT the grains are clamped, thus the stress plays an
important role in the domain formation and 90° domains are preferred. The domain width

w is related to the grain size aq in the case of fine grained ceramics as wwf’a_g.sz

Similarly the domain width in thin films is obtained as w = ;’d_f where ds is the film

.
thickness.>

2.4.2 Other types of Domain walls

In tetragonal phase 90° and 180° domain walls are found, while in orthorhombic
and rhombohedral phases other angles are also possible. In orthorhombic phase, the
domains can exist at 60° 90° 120° and 180°, while in rhombohedral phase the domains
exist at 71°, 109° and 180°. This is because the Ps is oriented along the cubic face
diagonals and body diagonals of the unit cell in orthorhombic and rhombohedral phase
respectively (see fig 12). It is seen also from the Ginzburg-Landau expansion that there
can be six equivalent domain positions in tetragonal phase, twelve in orthorhombic and
eight in rhombohedral phase.*

Domain walls can appear only along planes on which the spontaneous
deformation of two neighboring domains fit to each other. Planes satisfying this condition
are known as permissible walls®* *°. There are different types of permissible domain
walls namely Weo walls with arbitrary orientation, and crystallographically prominent
domain walls W; and S walls, whose indices depend on Ps and the electromechanical

coefficient™.
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Figure 2.12. Set of mechanically compatible and electrically neutral domain
walls in the three ferroelectric phases of BaTiOs. In the case of 180° domain
wall, where the orientation is not uniquely determined, walls with the most
important crystallographic orientations are displayed®.

The set of mechanically compatible and electrically neutral electric domain walls
possible for tetragonal, orthorhombic and rhombohedral phases in BTO is given in figure
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2.12. The mechanical compatibility obviously allows the 180° W.,, walls in all three
phases namely tetragonal, orthorhombic and rhombohedral. In addition to it, in tetragonal
phase the 90° Wi-type domains exist, which are either neutral (head-to-tail) or charged
(head-to-head or tail-to-tail). In orthorhombic phase, the domain walls can be formed at
60° with charged Ws -type walls and neutral S-type walls. The domain walls are formed
also at charged or neutral 90° and 120° W; walls and charged S walls in orthorhombic
phase. In rhombohedral phase a pair of charged and neutral Wi-type domain walls can be
formed with the angle between the polarizations as 109° or 71°.%

Figure 2.13. Different types of 180° domain walls: (a) Ising type, (b) Bloch type,
(c) Neel Type and (d) mixed Ising-Neel type™.

The polarization change is an interesting phenomenon that takes place at the
domain wall. In the case of 180° magnetic domain walls the polarization reversal can be
either rotated in the plane parallel to the domain wall called Bloch like or normal to the
domain wall called Neel like. Here the domain wall thickness is >10nm. The ferroelectric
180° domain wall is predominantly Ising-type. Figure 2.13 show the different types of
polarization reversal near 180° domain wall.

In the case of 90° domain wall the polarization reversal is expected as shown in
figure 2.14.
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Figure 2.14. Polarization change at 90° domain wall.

2.5 Thin Film Technology

The conventional belief that the best properties for ferroelectrics were obtained
for single crystal was challenged by the synthesis of thin films on appropriate substrates.
Ferroelectric thin films can exhibit properties like dielectric, pyroelectric, piezoelectric
and electro-optic better than their bulk counterparts.”” The strain induced in the thin film
can tune the properties like ferroelectricity®, transition temperature (up to few hundreds
of degrees), etc.?® ®® Ferroelectric thin films tend to form domains in order to reduce the
strain.® Figure 2.15 shows the internal structure of a coherent epitaxial thin film. Here
the substrate and the film have perovskite structure and the ferroelectric film is biaxially

strained to match with the substrate giving a coherent epitaxial film.

Figure 2.15. Schematic diagram showing the
biaxial strain on the thin film to match the
underlying %.

2.5.1 Substrates

Substrates play a significant role in the thin film preparation as they are the

platform to grow thin film. In epitaxial thin film, the mismatch between the lattice
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constant of substrate and the thin film is responsible for inducing the desired strain. For
the ferroelectric thin films with perovskite structure, the best way is to have perovskite
substrate. Figure 2.16 shows commercially available perovskite substrates with their
pseudocubic a-axis lattice spacing against the popular perovskite thin films. The lattice
constant of rare-earth scandate (ReScOs) substrates are higher than the other available
perovskite substrates.

c .
@© ? @ ™ )
> R €9 dg §
= = =L g =
m n om O m o
| | | | |
Film lattice (A) |
3.70 3.80 3A90| | | 4.00 4.10 4.20
| | | I’ | |
I I ' II ' I I I I |
‘ ‘ LaGaO, GdScO,| NdSco, Substrate lattice (A)
|
LaSrAlO, LaSrGaO, |LSAT DyScO, SmScO,
YAIO, LaAlO, NdGaO, SrTiO, KTaO,

Figure 2.16. Comparison between the pseudocubic a-axis lattice spacing of thin films
(above the number line) and substrates (below the number line).”

Ferroelectric thin film like PTO grown on different substrates like (001) LaAlOs
[aLao = 3.789 A], (001) STO [asro = 3.905 A], (001) MgO [amco = 4.212 A], R-cut
sapphire [asapy = 3.5 A], (110) NdGaO; [anco = 5.431 A], single crystal KTaOs3
[akT0=3.9885 A], fused quartz substrate etc., show remarkable difference in their features

like XRD, Raman spectra, domain structure, strain, etc % 3 6462 66.67.68,69,70, 71, 72,73

2.5.2 Strain in Thin Films

Strain is developed in the thin film due to the mismatch in lattice constant, film
deposition method and subsequent cooling, thermal properties, etc. Film strain has high
influence on the domain structure formation, nature of PT, electrical, optical and
mechanical properties. Strain is also sensitive to deposition methods and experimental
conditions.

Epitaxial strain (also called misfit strain) results from the lattice mismatch

between the substrate and the thin film.” The epitaxial strain can be given as
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g, =20 (2.29)
as
where as and a; are the lattice parameter of substrate and film, respectively. As the
substrate is much thicker than the film, the film develops tensile strain in the >0, and
compressive strain if <0, without considering structural relaxation. It is seen that the
tensile strain in the PTO film shifts the E(TO) hard and soft modes towards lower
wavenumber for different substrate.”
The transformation strain developed during the transition from high-temperature
cubic phase to low-temperature tetragonal phase is given as:
_, _lam-ac©)
S a(C)

. _[em-ae)]
7z a(C)

where a(T) and c(T) are the lattice parameters in tetragonal phase and a(C) is the lattice

&
(2.30)

parameters in cubic phase.

The film experiences thermal strain due to the thermal expansion mismatch
between the film and the substrate. At cubic phase, if T, is the processing temperature
and Tepr is the ferroelectric PT temperature, the thermal strain can be given as

er =l (C)—a ]AT (2.31)
where AT=(Ty-Tepr) and a4(C) is the thermal expansion coefficient of film in cubic phase
and os is the thermal expansion coefficient of the substrate. In tetragonal phase the
thermal strain can be given as:

e=[a;(T)-a/]AT (2.32)
Here temperature change A7=(Trpr-TrT), Such that Trr is the room temperature (RT),
of(T) is the thermal expansion coefficient of the film in tetragonal phase.”

Residual strain at room temperature, defined as the sum of all strains exerted by
the substrate to film during the process of film preparation, is partially relaxed with
increasing film thickness.” The thin film tries to relax the strain by domain structure

formation, dislocations at and below paraelectric to ferroelectric PT.™ ”’
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2.5.3 Domains in Thin Films

Domain formation is a process of strain relaxation in the film. Strain relaxation by
misfit dislocation is a temperature dependent process giving the temperature dependent
stability map (figure 2.17).*2 The misfit dislocation formation becomes favorable as the
film is grown beyond its critical thickness. Usually the film is grown on the substrate of
thickness ranging from 1000 A-1 um, this is much higher than the critical thickness
given for different popularly used substrates given in figure 2.17. Considering the role of
thermal expansion, if there is only misfit relaxation at growth temperature, c-domains are
formed for ap>0p (Where o and ap are the thermal expansion coefficient of the substrate
and paraelectric film, respectively). On the other hand a-domains are formed as ay<a,.
Among the different experimental techniques, voltage-modulated scanning force

microscopy and PFM can be used to image ferroelectric domains to high resolution.** ™®
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2.6 Effective Medium Approximation

The IR reflectivity spectra of various ferroelectric materials can be better
understood by considering the local anisotropy associated with the ferroelectric materials
due to the domain formation. Since the domains have smaller wavelength than the IR

radiation, the Effective Medium Approach can be used to analyze the anisotropy (ess

parallel and &, perpendicular to local polarization) associated with the domain formation
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81,82

in phonon dispersion region. Thus the macroscopic permittivity associated with

ferroelectric ceramics and thin films with grains and/or domains can be approximated

using simple mixing formulas like Bruggeman effective medium approximation®,

Lichtenecker approach® and Arlt and Peusens model approximation® %4,

2.6.1 Bruggeman Effective Medium Approximation

The homogeneous (averaged) effective dielectric function e is given in terms of

reflectivity as®:

2

Eqr —1

€

(2.33)

Eg +1

The effective medium approximation gives the &g in terms of Bruggeman
symmetrical formula for binary composite as:

28 — € 1&gz —Eg

=0 (2.34)
Be +ey 3EptEy

The &33 component can be calculated e.g. from the factorized form of the damped

harmonic oscillator model:

2
_ @\ oj33

€ = 300331_[ 2 7
j Orojsz — @ T10Y 1633

2 -
—0" 10y a3

(2.35)

where @fy,and @7y, are the transverse and longitudinal frequency of the j" polar
phonon, respectively, and .y, and y o4 denote their corresponding damping

constants. The second component ¢, in equation (2.34) can be defined similar by the
equation (2.35).

2 2,
W gjyy — O 1Oy g1

&n = 300111_[ 2

2 -
i Orojn — @ T 10Y 1051,

(2.36)

The 33 corresponds to A; mode and ¢, corresponds to E modes in tetragonal

perovskites.®
The Bruggeman effective medium approximation can also be written in terms of

complex permittivity function €11 and €33 as®’:
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1
Egt = 2 (e, + 1/8121 +8¢461,) (2.37)

2.6.2 Lichtenecker Mixing Formula

Lichtenecker mixing formula is used to obtain effective macroscopic properties in
a range of composite materials. Here we use it to obtain the macroscopic permittivity of a
ceramic or thin film having grains or domain structure, using the parameters obtained for

the corresponding single crystal. Lichtenecker mixing formula is given as:

R (2.38)

Here €11 and €33 are the ordinary and extraordinary components of complex permittivity

function.®

2.6.3 Arlt and Peusens Model Approximation

Arlt and Peusens (1980) suggest that the effective permittivity of coarse grain
ceramics of BTO must have characteristics of 90° twinning, giving rise to Arlt and
Peusens model approximation for macroscopic permittivity. This is applicable for so-
called a-type domain configuration, where the 90° and 180° domains form a mixed wall
of alternating stripes as shown in figure 2.20.% % The thin layered domains separated by
90° walls are piled up to form sloped stacks of kind S; and S,. The characteristics of this
a-structure are as follows.

1. Macroscopic strain is compensated.
2. Domains having polarization parallel to z-axis have half the thickness of the other

domains.

3. The average polarization of the structure isP, =~/2P, /3, where P, is the average

polarization along [110] direction.
Out of 24 possible domain states possible in a-type domain configuration, each grain is
assumed to have only one domain configuration. Arlt and Peusens (1983) calculated the
effective dielectric constants of stacks S; and S, separately, with the co-ordinate system

rotated to x , y and z, with domain thicknesses d; and d», such that di=d»/2.
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Figure 2.20. Spatial domain configuration (a-
type) in large grains of BaTiOs™.

Now consider the stacks S; and S, as two homogeneous layers. The complex

dielectric tensor is obtained as:

2 2
1| 265 +11g,,65, +5¢;

. == (2.39)
19 (&1 +&33)
and
S = 3—811833 (2.40)
28, + &4,

Here ¢ and &, are the principal components of the effective dielectric tensor of the a-

type domain configuration. Arlt and Peusens (1983) use an approximation, similar to

Bruggeman effective medium approximation given as:

1
Egt = Z(Sﬁo + 1/512io +8¢;,€11) (2.41)

giving the average dielectric constant e of the macroscopically isotropic ceramics.®>®
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CHAPTER 3 Experimental Techniques

3.1 Introduction

The theoretical predictions and considerations about ferroelectricity, perovskite,
phonons, domains, etc. need to be studied experimentally to understand the underlying
facts more clearly. Experimental techniques like IR spectroscopy, Raman spectroscopy

and PFM, used to study the thin film are discussed in details.

3.2 Infrared Spectroscopy

The IR spectral range can be divided as Far IR (FIR) in the range 10-200 cm™,
Middle IR (MIR) in the range 200-3000 cm™ and Near IR (NIR) in the range 3000-12800
cm™. The Fourier transform (FT) IR (FT-IR) spectrometer measures in the FIR and MIR

spectral range.

3.2.1 Fourier Transform IR Spectrometer

The FT-IR spectrometer is a Michelson interferometer with two mirrors, one of
the two fully reflecting mirror is movable, allowing a variable delay (in the travel time of
the light) to be included in one of the beam. Figure 3.1 shows the outline of Michelson
interferometers undergoing FT to get IR spectrum.

In FT interferometer each wavelength produces its own characteristic interference
pattern when the difference of optical path changes as the movable mirror is shifting. The
resulting signal called interferogram is the recording of the signal vs. path difference. By
means of the FT, the spectrum is obtained in the output as signal vs. frequency. The
effect of applying FT to interferogram is shown in figure 3.2.
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Figure 3.1. Schematic view of a simple Michelson interferometer. The beam from the
source (Hg arc lamp) is divided by the beam splitter. One arm of the interferometer
consists of a fixed mirror (L1) and the other arm consists of movable mirror (L2). The
two beams are recombined at the beam splitter, and then proceed to the sample area and

detector.
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Figure 3.2. The characteristic frequency spectrum of the sample is obtained by

converting the interferogram by Fourier transformation.
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3.2.2 Experimental Setup

Fourier spectrometer Bruker IFS 113v has been used throughout this work for
performing the IR measurements. Figure 3.3 shows the schematic diagram of the FT-IR
spectrometer.

There are two sources namely the globar source (1) for measurements in the MIR
range and Hg arc lamp (2) for the FIR range. The beam from the source passes to the
main optical chamber through an aperture (3), which can be closed, or opened to different
diameters namely 1 mm, 2 mm, or 3 mm. The beam then passes through the filter wheel
(4) and reaches the beam splitter wheel (5). The purpose of beam splitter is to split the
beam to two parts to move towards the mirrors (6). The beam splitter wheel has six beam
splitters characteristics for different wavenumber. These are 3.5 um mylar (160-700 cm’
1, 6 um mylar (T222) (30-650 cm™), 12 um mylar (80-220 cm™), 23 pm mylar (20-100
cm™), 50 pm mylar (10-55 cm™), and KBr (400-5000 cm™). The beam splitter 6 pm
mylar (T222) (30-650 cm™) is usually used for FIR range and KBr (400-5000 cm™) is
used for MIR range. After the beam is reflected by the moving mirror (6), it is reflected
by different mirrors to the reflection path (7) and then to sample at position (8). Then the
signal is collected by the detectors namely DTGS (deuterated triglycine sulphate)
detector (11) or bolometer (12). If the sample is transparent, one can measure
transmission with follows the transmission path (9) with sample at (10). Thus this
spectrometer can be used in both reflection and transmission mode.

This spectrometer works in the FIR and MIR range that is from 15- 5000 cm™,
For low temperature measurements from 300 K to 10 K, the sample is placed in Oxford
CF cryostat in vacuum with polyethylene window. A continuous flow of helium (He) is
let into the cryostat to cool down the sample. For low temperature transmission
measurements, the sample holder is arranged such that the reflected beam from the
optical chamber can pass through the sample. He-cooled Si bolometer operating at 1.6 K
is used at low temperature. For high temperature measurements, a commercial high-
temperature cell Specac P/N 5850 was used in the temperature range 300-900 K and
DTGS detector is used as the detector. In the case of an anisotropic sample, the light is
polarized in order to see the phonons in both polarizations. For FIR range, a polarizer

made of metal mesh on polyethylene thin layer is used and for MIR range, homemade
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kalomel polarizer is used. A resolution in the range of 0.5 cm™ to 2 cm™ is used mostly.

The real spectrometer is shown in figure 3.4, %%

Figure 3.3. Schematic diagram of Fourier spectrometer Bruker IFS 113v. (1)
globar source for MIR range, (2) Hg source for FIR range, (3) aperture, (4)
Filter wheel, (5) Beamsplitter wheel, (6) scanning mirror, (7) reflection path,
(8) sample position 1, (9) Transmission path, (10) sample position 2, (11) DTGS
detector and (12) bolometer.

Eolometer

TTGE detector
Sample chamber

Temperature controller

Beam splitter
OUrce

Optical setup

Fiure .4. FT- IR spectrometer.
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Advantages of FT-IR spectrometer

e As all the frequencies are measured simultaneously, the measurements can be
done faster.

e Allows to measure both reflection and transmission mode.

e High resolving power (around 10% in MIR).

e FT-IR spectrometer is sensitive and has less noise.

e As the moving mirror is the only continuously moving part in the spectrometer, it
is easy to simplify and has less chance of breakdown.

e High wavenumber accuracy.

3.2.3 Analysis of Data
Measurements are done with the help of Optics User Software (OPUS)- NT

version 5.0, which is designed by Bruker. The software allows selecting settings for
reflection and transmission mode according to the measurement to be carried out.
Various functions like the opening and closing of aperture, selection of beam splitter,
resolution, number of scans and etc., can be adjusted by the program. OPUS accumulates
all the scans during the measurement and display as one corresponding spectra, reflection
or transmission vs. wavenumber. OPUS also has various options to modify the spectrum
like merging, cutting, multiplying etc.

Analysis of the reflectance spectra is also carried out by the program ‘Wasf- Asf
for windows’, version 3.0. Wasf allows fitting the reflectivity spectra with 3- or 4-
parameter models as given in section 3.2.3.1 and 3.2.3.2, respectively. This can be done
in reflection and transmission mode, as well as for single crystals, bulk and ceramics.
Fitting of double layer structure is described in section 3.2.3.4. The reflectivity fit, real
and imaginary part of dielectric constant can be calculated directly from this program.
Other parameters of interest like the conductivity, Im[1/¢], oscillator strength, etc. can be
then calculated. Thus Wasf provides a whole picture of the sample measured. The real
and imaginary part of dielectric constant can be obtained from the reflectivity spectra by
KKR using OPUS as described in section 3.2.3.3.

The optical experiments generally measure the intensities of the incident (lo),

reflected (Ig) and transmitted (It) beams. From the energy conservation law:
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lp=1g+1;+1, (3.1)
where |4 is the intensity absorbed by the sample. Equation (3.1) can be written as:
R+T+A=1 (3.2)
whereR=1,/1,, T=1;/l, and A=1,/l,are the apparent reflectivity, transmission
and absorptivity, respectively. Optical constants can be determined by measuring
RandT .
The complex dielectric function is given as:

e(w) =¢'(w)—ie" () (3.3)
where ¢’ the real part reflects a dispersion of the permittivity and ¢ the imaginary part is
the dielectric losses caused by long-wavelength fluctuation of polarization of transverse
character. The complex refractive index is given as:

ilw) = n(w) —ik(w) (3.4)
where n(w) is the refractive index and k(w) is the extinction coefficient. In terms of n(w)

the permittivity and losses are given as:
(3.5)

The experimentally measurable quantity is reflectance R(w), defined as the ratio
of the reflected intensity to the incident intensity, is given as:

_I_R_n(a)) 1| |,/6(a) 1|
R(0) = I, |n(w)+1 _\MH\ (35)

The dielectric function model can be derived either by summing over independent

(or coupled) oscillators or by factorizing over poles and zero, using the property of the
LO modes.

3.2.3.1 Classical Oscillator Model

The classical method to fit the experimental spectra obtained by equation (3.6) is
shown by oscillator model for dielectric function. This can be re-written as the sum of n
damped harmonic oscillators:

£(0) = £,(0) ~ig, (@) = £, + Y — A& Brg 3.7

2 -
leTOj O+ 1Y@
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Here ¢, =n? is the dielectric constant at high frequency, wj is the eigenfrequency of the
j™ phonon mode, yj is the corresponding damping, and Ae; is the dielectric strength. The
parameters namely, frequency, damping and dielectric strength can be adjusted to obtain
the best possible fit for the experimental reflectivity. Thus it is also called 3-parameter
model and was first introduced by Barker and Hopfield.'®° This classical oscillator
model gives equal damping to the TO and LO modes for each single oscillator.’%? As the
vibrational modes with different energy levels have different phonon decay and so
different damping, the classical oscillator model generally fails for wide reflection

bandS 102, 103

3.2.3.2 4- Parameter Model

The 4-parameter model is the factorized form of the dielectric function,

introducing the LO damping constant (y.o;) as the fourth parameter for each TO-LO pair.

e(w) = st

2 2 H
j Orop —@ + Y700

2 2 H
Ol —O° +1y 50

(3.8)

The wide reflectivity spectra as obtained for ferroelectric crystals have its TO and
LO frequencies located at low and high frequency edges of IR reflection bands and their
damping corresponds to the slope of these edges. As the 4-parameter model allows
assigning different TO and LO damping, this is most appropriate for wide reflection

bands. For a good and reasonable fit, the conditions like y,,>7,  and

V10/7 10 = (050 /@0 )? Must be followed > 1% 104

The computer program ‘WASF’ is used to fit the reflectivity spectra. Based on the
spectra, different fitting models like 3-parameter or 4-parameter model can be selected.
Number of oscillators can be added based on the number of reflectivity bands. Giving
values for &, specific for the particular crystal, the (3- or 4-) adjustable parameters can be
adjusted giving the best possible fit. The reflectivity fit, permittivity, dielectric loss and
dielectric strength can be calculated directly by this program.
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3.2.3.3 Kramers-Kronig Relation
The Kramers-Kronig Relation (KKR) was derived independently by Ralph

Kronig and Hendrik Anthony Kramers. KKR connects the real and imaginary part of any
complex function, which is analytic in the upper half plane.*®
The dielectric constant models indicate the response of a wave packet
(specifically its FT) in both dispersive and absorptive qualities with the real part
corresponding to dispersion and the imaginary part corresponding to absorption.*®
The real and imaginary part of dielectric constant is given by:
js (a) ) o
0 w—0
(3.9)
W 1 “’cgl(a)u) ‘
&"(w)=—P j—da)
T w—0

e'(w)—¢, =£P
T

Here P is Cauchy principal value. The upper limit of frequency wc is such that w<< w.

where . is above lattice vibration and below electronic frequency.*”’
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The computer program OPUS was used to apply KKR to reflectivity spectra to
obtain the permittivity (real) and dielectric losses (imaginary). Conditions to apply KKR
are:

1. The input spectra must have data till a higher frequency. Thus the FIR and MIR
spectra are merged to have data from 0 to 3000 cm™.

2. The input spectra must have very less or no noise, as KKR is very sensitive to noise.

3. As the noise below 50 cm™ cannot be avoided, cut the spectra below 50 cm™.

4. Extrapolate the spectra from 50 cm™ to 0. The extrapolation value at 0 influences the
static permittivity and losses as shown in figure 3.5. It is seen from the inset that
extrapolation value, which holds the losses just above 0 is the most appropriate (0.69

in this case).

3.2.3.4 Thin film Fitting Model

Consider a thin film of refractive index n; and substrate of refractive index n, as
the system is in air of refractive index ng as in figure 3.6. Assuming that the electric
vector is parallel to the slab, Fresnel coefficient can be written as the ratio of the incident
(i) and reflected (r) or transmitted (t) and electric field amplitudes at the interface
between media air (0) and film (1).

~ . E. _Z,-Z, _ mg-n.

Ty, = rexpl(i®,) = =z +z: = n:T (3.10)
- \ E, 2z, 28

tl}l =y Exp([_r#!rj = ﬁ = Z +‘-ZD = ﬁn+—:§‘ [3.11)

where the complex surface impedance of the medium 0 is defined as z, = (47"?) (i—”j. In

vacuum Eg=Ho and in vacuum H, = (nj/,/u, )E,, Where u is the magnetic
permeability.” 108 109

In the coherent case, (used in plane-parallel substrates where the optic waves,
based on superposition of the amplitudes of the electromagnetic fields, include
interference phenomena), the total reflectance and transmittance of the layer can be
calculated by adding up all partial waves as these coefficients are known at the
boundaries. Considering # and £, as composite Fresnel coefficient for the film, the
overall power reflectance and transmittance of the film (1) between the media 1 and 2 is

given by
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R, = |f|?,T, = Re '”'/n 17,12 (3.12)

]

Ny @) Thin
Film
n;
I Substrate Figure 3.6. A two-slab thin film system

surrounded by air.

When the film thickness d; or inhomogeneity of the film is small compared to the
coherence length of the radiation (thin film) are
_ 71 T Exp[zi‘fﬂ
1+ 7,7, exp((2i6,)

n

£11t,0xp (iﬁﬂlj
1+ 7, 1,exp [2;'5"1]

(3.13)

£y

The complex phase shift &, = 2m#,d, /4, where 1o is the wavelength of the
radiation in vacuum, accounts for both the real phase shift and the wave attenuation in the
film due to absorption. These formulae include interference effects and depend upon
coherence of the radiation over the optical path across the sample.

In second approach, consider the incoherent case, used for rough samples, where
the reflection and transmission process at the front and back surface of the sample is
added incoherently. For a thick film with thickness di, which is large compared to the
coherence length of the radiation, and the complex refractive index 7, = n, + ik,, where
ky << 1, the power reflection and transmittance coefficient at the film medium (0)
interface are

Re. = R, = En —mo)* + (e —ko)° G514
ny +ny)% + (kg +ky)
4(nyny + kqky)

T.,. =T, = — - 3.15
o1 1 (ny +mp)% + (ky+ kg)? ( )
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The overall power reflectance and transmittance of the film including multiple passage of
the beam in the film are

Tl}zl Ry exp(—2a,)

R. =R, + -
! o Rg, exp(—2a,)

_ Tg1 Ry exp(—a)
' 1-Rjexp(—2ay)

(3.16)

where a, = 4mk,d, /Ay and Ro; and To; are the reflectance and transmittance coefficient
at the air-film interface respectively.

For fitting of the thin films using Wasf program, the IR optical properties of the
bare substrate are first fitted in the whole temperature range using the 4-parameter model
given in equation (3.8). The reflection of the system of film+ substrate is treated as a
two-slab system, is fitted with 3- or 4-parameter model taking the substrate reflectance as
the background. The thickness of the substrate and film can be specified in the Wasf
program. Both reflection and transmission spectra can be well fitted by this model as a

sum of harmonic oscillators.

3.3 Raman Spectroscopy
The inelastic scattering of light, predicted by Smekal (1923) was experimentally

observed by Dr. C. V. Raman in 1928, is called Raman Effect. When a monochromatic
light of frequency vy is directed on a crystal, the scattered light is of two types:
1. Rayleigh Scattering, having frequency the same as incident beam and is stronger.

2. Raman scattering has frequenciesv, tv _, where vy is the vibrational energy of
the scattered crystal. This is very weak effect. The line v, +v_ is called anti-

Stokes and v, —v,, is called Stokes lines.

The process of interaction of monochromatic light with a crystal giving Rayleigh,

Stokes and anti-Stokes lines are shown in figure 3.7.
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Figure 3.7. Inelastic scattering of light giving Stokes and anti-Stokes lines (Raman
Effect) and Rayleigh scattering.

3.3.1 Origin of Raman Spectra: Classical explanation

The electric field strength E of the incident light fluctuating with time t is given
as:

E = E, cos2nv,t (3.17)
where Ej is the vibrational amplitude and vq is the frequency of the incident light (laser).
Interaction of light with crystal develops a dipole moment in the crystal given as:

p =aE =aE,cos2rv,t (3.18)
Here a is the polarizability (tensor), proportionality constant. The atomic vibrations due
to the crystal vibrations are given by:

Q=Q,cos2rv,t (3.19)
where (o is the vibrational amplitude of the atomic vibration. Expanding o by Taylor

series gives:

a=q, +(a—a] Q, +... (3.20)

aQ
Thus using equation (3.20) and (3.19), equation (3.18) can be rewritten as:

QE, cos2rv,t
0

p=oyE,cos2zv,t + o
oQ
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=a,E, cosZﬂv0t+(2Q] Q,E, cos(2rv,t) cos(2zv t)

0
= 0, E, COS 27t + %(2—3] Q,E, {cos[2x(v, +v, )t]+cos[2z (v, —v, I} (3.21)
0

The first term describes the elastic or Rayleigh scattering. The second term gives the

Raman scattering of frequency v, + v, (anti-Stokes) and v, —v,, (Stokes).

The selection rule gives that when (aa/aQ)O is zero; the vibration is not Raman-

active. Thus for a mode to be Raman- active it should have change in polarizability
associated with it,*0" 110 1. 112

Raman spectroscopy measures the quanta of energy shift associated with the
scattering process due to either phonon emission (Stokes shift) or the absorption of
phonon by the photon (anti-Stokes shift).The upward or downward transition in energy
level is associated with energy transfer 7v, where v, is the scattering frequency and

scattering wavevector g corresponding to momentum transfer #q.(Figure 3.8) The

conservation laws follows such that''? 13
vV, =V, =V, (3.22)
K, —K, =g (3.23)

The detection of the Stokes component of the spectrum is given by spectral differential
cross section defined as the rate of removal of energy from the incident beam as a result
of its scattering in a volume V into a solid-angle element dQ, with a scattered frequency
between vs and vs+dvs. (figure 3.9). The spectral differential cross section is given as:

Vi)

82
ZS'GQ()

0Q0v

(1+77(v T)) ImTj (v,q) (3.24)

Here the scattered beam has frequency vs and polarization es and incident beam has
frequency v, and polarization e,.

The term da;; (v,)/0Q; (q) is the Raman tensor, which gives the relation between

incoming and outgoing electric field for a given vibrational mode j. Here Qj is the
displacement and q is the quasi-momentum. For a crystal to be Raman active the Raman

tensor must have non-zero elements, i.e. there must be a change in polarizability.
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Figure  3.8.  Geometry  of
wavevector and momentum
conservation involved in Stokes (a)
b and Anti-Stokes (b) inelastic
(B) :

scattering process.

The term 1+n(v,T)is specific for Stokes and this becomes n(v,T)for anti-

Stokes process. Here Bose- Einstein factor is giV@ll as.
n [)=——— 3.25
(V, ) ehvo/kBT 1 ( ' )

Such that T is the absolute temperature and kg is Boltzmann constant.

hv, K,

Scattering Volume 4

. Figure 3.9. Raman scattering geometry.
X

In equation (3.24) the term T; is called response function defined as the response of the

system to harmonic force. The imaginary part of the response function gives the shape of

the spectral line:

WY jq

ImT, (q, ) =
T e

(3.26)

3.3.2 Raman Spectrometer

Raman Effect was observed by Dr. C. V. Raman with a very simple setup. He
used sunlight as the source, complementary filters and eye as detector. With the
discovery of lasers Raman spectroscopy started to grow. The basic setup for a Raman

spectrometer is shown in figure 3.10.
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Figure 3.10. Schematic view of Raman
spectrometer.

A typical Raman spectrometer consists of excitation source (laser), sample illumination
and collection system, monochromator and detector. As Raman Effect is a weak effect,
laser proved to be ideal source due to its high power, monochromaticity, small diameter
and ease to focus.

Sample Geometry: The excitation and collection from the sample can be done in various
ways as shown in figure 3.11.

A
/= T—'
Brewster Back Forward Right-angle
Setup Scattering Scattering Scattering

Figure 3.11. Examples of sample geometry. Incident and reflected ray at Brewster angle
results in maximum light penetration into the sample. Back scattering is used with
opaque samples or Raman microscopy, forward and right-angle scattering geometries
can be used with transparent samples. Different samples geometries may bring in
different spectra due to the selection rules.

Porto notation: Porto notation is a conventional method of representation of
experimental scattering geometries. For example, x(zx)y indicates that the excitation light
is incident on the sample along x-axis, polarized along z direction and the scattering light
was detected along y-axis, polarized along x direction.*
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3.3.3 Experimental Setup
Raman spectra are collected using a RENISHAW RM 1000 micro-Raman

spectrometer using back scattering geometry. The different excitation source that can be
used are 633 nm He-Ne line (red), 514.5 nm Ar line (green), 488 nm (blue) and 325 nm
(Ultra violet) lines. They have power ~10mW, which can be focused to a spot size of 1-2
um. The objectives are of magnification 5x, 50x and 100x. A spectral resolution better
than 2 cm™ can be obtained by proper calibration. Holographic NOTCH filters with
additional NEXT filter are used to filter the Rayleigh lines down to =10 cm™ from the
laser line. The instrument is characterized by a single-grating monochromator,
multichannel charge-coupled devices (CCD) detection and simple optical path. The
sample can be measures in the temperature range 80-870 K with a temperature stability of
+0.1 K using LINKAM THMS 600 cell. A Renishaw RM 100 Raman microscope is
shown in figure 3.12. Raman spectroscopy is non-destructive analysis requiring little or
no sample preparation. Raman spectroscopy has a wide range of application in other
fields of science also.

Detector

Monochromator
Beam splitter

Source (Laser)

Eotate polarizer

Sample
{(Back scattering)

Figure 3.12. Renishaw RM 100 Raman microscope.
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3.3.4 Analysis of Data

The experiment is carried out with the software Wire 1.3 with Galactic
GRAMS/32 package, which is provided by the manufacturer. With the software the
microscope allows the selection of regions of good optical quality, measure topology and
in depth Raman spectra etc. The data are obtained as intensity vs. wavenumber. To
analyze the results, the spectra were fitted by a sum of independent harmonic oscillators,
Lorentzians, Gaussians superimposed on a suitable baseline, using a routine developed by
Ivan Gregora and Jan Pokorny within the Igor Pro graphing software. The peak
frequencies, amplitudes and width were left as adjustable parameters.**> ¢

The VV and VH polarization configuration refer to the input and output light
polarization corresponding to situation where polarization are parallel and crossed,
respectively. Raman selection rules for thin films like PTO/LAO, with domains measured
on the film surface and cross section is given in figure 3.13. The spectra on film surface
consist of E(TO) mode in VH configuration and A;(TO) mode in VV configuration
originating from a-domains and A;(LO) mode in VV configuration origination from c-
domain. In the spectra from cross section, E(TO) mode in VH configuration originate
from c-domain and 50% a-domains. VV spectra consist of A;(LO) modes origination
from c-domain and A;(TO) modes from c-domain and 50% a-domains. Following these

selection rules the E(LO) modes cannot be measured directly.®*

c=-domains a-domains c-domains a-domains
. ‘i Pl wope || wE -"“;’-” w0y | | 4,10
N AP Zf > =
SV 2» X
VH: - E(T0)
VH:| z(yx)z x(zp)x y(xg)y
g Vvl xGox Yoy 0wz Ve |4,(TO) A,(LO)
g ; X y Z +
§Y B FFa L
c VL Vs b
VH: h\.(:.w-‘. ¥y (\.:) y :0“.): VH: b(.{ 'U) L( 1 U)

Figure 3.13. Raman scattering geometries and polarization configurations used for the
Raman mode assigned in a- and c-domains PTO/LAO films.
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3.4 Piezoresponse Force Microscopy (PFM)

Piezoelectricity is the phenomenon in which the electric charge is created on the
sample surface by applying mechanical stress. Piezoelectric effect does not change the
total charge of the sample but induces surface charge density.

Piezoelectric effect is a reversible process. Direct piezoelectric effect is the
phenomenon of creating positive and negative electric dipole moment on the sample
surface by applying mechanical stress. This can be given as:

P=d.X (3.27)
where X is the mechanical stress and P is the polarization charge density. Here d is the
piezoelectric strain coefficient.

The reverse piezoelectric effect is the phenomenon in which an applied electric
field produces a mechanical strain in the same material. This can be written as:

S=d.E (3.28)
Here S is the mechanical strain and E is the applied electric field.

When electric field is applied to the sample, the material expands if the field is

parallel to the material’s polarization and contracts if it is anti-parallel. This response of

the sample to electric field is called piezoresponse.**" 118

3.4.1 Basic Principle of PFM

PFM based on the reverse piezoelectric effect, is used to measure the
mechanical response when an electric field is applied through conductive tip of Atomic
Force Microscopy (AFM). The voltage applied to the conductive tip is given as:

Vip =V +Ve COS(0,.T) (3.29)
where Vg is the DC bias, Vy is the AC bias and w4 is the AC bias frequency. With the
application of electric voltage, the probe can move up or down based on the piezoelectric

strain induced due to the charge on the sample surface as shown in figure 3.14.
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Ferroelectric domain Electric field, E, parallel to P Ferroelectric domain expands

with polarization P applied to ferroelectric domain and bends the AFM cantilever up,
more than the initial deflection

Applied voltage to AFM probe
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with initial
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v T v
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Ferroelectric domain Electric field, E, anti-parallel to P Ferroelectric domain contracts,
with polarization P applied to ferroelectric domain and reduces upaward bending
of AFM probe

Figure 3.14. The basic idea behind PFM imaging.

The cantilever displacement due to such piezoelectric strain is given as:

2=124+ A, .V, .V, )cos(@T +¢) (3.30)
where z4 is the static surface displacement and ¢ is the phase shift between the driving
voltage Vg, and the voltage induced deformation. Between domains of opposite polarities
the phase shift is 180° as seen in figure 3.16. In equation (3.30), the first harmonic

component is given as:

oC
A(a)ac ’Vac ’Vdc) = d33Vac + ( Vaz)(\/dc _Vs )‘/ac (331)

Here the first term on the right hand side gives the true Piezoresponse, where ds; is the
effective piezocoefficient. In the second term Vs is the surface potential and C, is the total
capacitance of the cantilever- sample system, which gives the local electrostatic
deformation caused by local and non-local stress.

In reverse piezoelectric effect the relationship between the strain and the applied
electric field is given by a tensor of rank 3. In figure 3.15 if direction X, y, z is given by

the subscript 1, 2 or 3 and the corresponding strain is given by subscript 4, 5 or 6,

47



respectively. The first subscript of d in the tensor gives the direction of the polarization
generated by the electric field and the second subscript gives the direction of applied
stress.

Thus piezocoefficient ds3 have induced strain in direction 3 per unit electric field
applied in direction 3. The piezocoefficient dis will have induced shear strain about
direction 2 per unit electric field applied in direction 119120121

Figure 3.15. Direction of forces in the piezoelectric
material.

3.4.2 PFM Imaging Modes

PFM images give the piezoelectric topography, and three typical PFM imaging
modes based on the displacement of cantilever namely Vertical PFM (VPFM), Lateral
PFM and Vector PFM.

Figure 3.16 (a) and (b) shows vertical PFM due to out-of-plane piezoresponse
caused by ds; coefficient. When the applied electric field is parallel to polarization (a) the
piezoelectric will expand and the signal will be in phase with V,. The piezoelectric will
contract and cantilever will lower when the applied electric field is antiparallel to the
polarization (b). Figure 3.16 (c) and (d) shows lateral PFM due in-plane piezoresponse
caused by di5 coefficient showing the lateral motion of cantilever.

Vector PFM image is obtained by acquiring all three components of the
piezoresponse, namely vertical PFM and at least two orthogonal lateral PFM
components. This helps to reconstruct the polarization orientation.

The topography of the piezoelectric sample can be obtained by applying large
field, such that patterns like single domain, domain array and other complex patters can

be imaged without changing the surface topography.*19-20.121.122
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out-of-plane

in-plane

3.4.3 Piezoresponse Force Microscope

Figure 3.16. Vertical and lateral PFM
imaging modes. (a) Applied electric
field and spontaneous polarization are
parallel, thus the cantilever is lifted up.
(b) Applied electric field is anti-
parallel to the spontaneous
polarization, thus the cantilever lowers
leading to the vertical contraction and
horizontal expansion of piezoelectric
sample. (c) and (d) shows shear
movement when the applied electric
field is orthogonal to the polarization.

PFM helps to see and study the domain structure in ferroelectric materials. PFM

gives both surface topology images and distributions of lateral and normal oscillations.

The information about phase distribution of lateral and normal oscillations helps to study

the domain structure of the sample. The topology, its corresponding normal and lateral

peizoresponse and normal and lateral phase lag is shown in figure 3.17.'%
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The basic structure of PFM microscope is shown in figure 3.18. As PFM is very
sensitive to noises and vibrations, the microscope is fixed on a vibration isolation system.
In order to reduce external perturbations and for safety reasons a protective hood is used
to cover the sample on the measuring head. The optical viewing system helps to see the
sample through the microscope and as the system is connected to a computer, the sample

and the cantilever position is also seen in computer.

Figure 3.18. Piezoresponse
force microscope. (1) Base
unit, (2) measuring head,
(3) vibration isolation
system and (4) optical
viewing system.

A software Nova by the manufacturer is used to work with this instrument. This is
very user friendly, which gives the output as three images of 2D visualization of the
scanning data. The figure ‘Height’ gives the topography, ‘Magnitude’ gives the
amplitude of normal oscillations and ‘Phase’ gives the distribution of normal phase. The
normal oscillations of the cantilever are obtained for signal DFL (the difference signal
between top and bottom halves of the photodiode). For measuring lateral oscillations,
signal LF (the difference signal between left and right halves of the photodiode) is

measu red.124'125'126

50



CHAPTER 4 Lead Titanate Ceramics

4.1 Introduction-PbTiO;

PTO is a typical member of perovskite family with ABOs structure, with Pb®* at
A position, Ti** at B position and oxygen (figure 1.3), with unit cell volume 62.8 A%,

PTO single crystal has lattice parameters apro = 3.899 A and cpro = 4.153 A at
room temperature, with c/a ratio equal to 1.065. This tetragonal distortion is higher than
in BTO, and also the Ps is higher (15 C/m?®. PTO undergoes first-order PT from
paraelectric-to-ferroelectric PT at To = 490° C.}¥%3*1% |n cubic phase the lattice
parameter of PTO is given as apro = 3.974 A1

Unlike BTO and many other similar materials, PTO has only paraelectric-to-
ferroelectric PT and remains in tetragonal phase below Tc for a wide temperature
range.’®*® 3" The ferroelectric distortion in PTO at RT leads to a net dipole moment per
unit volume, or polarization. XRD and neutron diffraction study show that the O% ions
are shifted with respect to Pb®* by 0.47 A and Ti** is shifted by 0.30 A, along the z axis.®

Cohen (1992) wused first-principle calculation within the local density
approximation (LDA) to interpret that the stability of tetragonal phase in PTO is due to
the covalent nature of Pb 6s and O 2p states.®® Experimental evidence for Pb-O covalency
using maximum-entropy method analysis on the synchrotron-radiation powder date was
given be Kuroiwa et al. (2001).”

In the cubic phase (space group O%;) the factor group analysis gives twelve optic
modes comprising of 3Ty, and Ty triply degenerate modes. Ty is silent, which is neither
IR nor Raman active. The Ty, modes are IR active. Tetragonal phase (below T.) belongs
to space group P4mm (C4,). Here the 3Ty, modes split into 3A;+3E modes and the Ty
splits into Bi;+E modes. The 3A;+4E modes are IR and Raman active and B; is only

138

Raman active.” IR active lattice vibrations along the c-axis belong to A;(TO) modes

and lattice vibrations along the a-axis to E(TO) modes.**

Soft mode
In cubic and tetragonal phase, an underdamped temperature dependent soft mode
was seen by Raman spectroscopy and inelastic neutron scattering.”** **° Two distinct

transverse optic modes, namely A;(TO) and E(TO) soften near To~T, in PTO.!%8139141



The soft mode E(1TO) wavenumber approaches 55 cm™. Jang et al. (2009) discussed
why the A;(TO) mode frequency approaches finite frequency of 65 cm™ near the Curie

temperature T.=693 K.*!

PbTiOs: Raman and IR spectra

The A;(TO) modes and E(TO) modes were observed by different techniques like

137,142, 44,45,140

Raman spectroscopy™®*** IR spectroscopy neutron scattering etc. Raman

spectroscopy has been extensively used in 1970s for PTO single crystal studies by Burns
et al. (1973), Cerdeira et al. (1975), Frey et al. (1976), etc.’** 2314 Foster et al. (1993)*
studied the detailed Raman spectra of PTO on high quality single-domain PTO crystal

(with removed 90° and 180° domains).
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Figure 4.1. [A] Polarized Raman spectra of a single crystal PTO at T = 300
K recorded in parallel x(yy)x, X(zz)x and crossed x(zy)x polarization
configuration®. [B] Reflectivity spectra obtained PTO single crystal (a)
polarization along a-axis giving the E modes and (b) polarization along c-
axis giving the A; modes. Red dotted lines give the corresponding fit using 4-
parameter model*®#,

Figure 4.1[A] shows the Raman spectra as obtained by backscattering geometry.

Parallel and cross polarization configuration helps to obtain all the Raman active modes
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specified for PTO single crystal. The parallel polarization configuration x(zz)x gives the
A1(TO) modes, x(yy)x gives the B;+A:(TO) modes and cross polarization x(zy)x gives the
E(TO) modes.

Table 4.1. Mode frequencies obtained for PTO single crystal using Raman spectroscopy by

Burns et al. (1973)**°, Cerdeirs et al. (1975)**, Frey et al. (1976)**, Foster et al. (1993)**®

and using IR spectroscopy by Ostapchuk et al. (2011)*,

Burnsetal. Cerdeirs et Frey et al. Foster et al. Ostapchuk et
(1973) al. (1975) (1976) (1993) al. (2011)
Raman Raman Raman Raman Infrared

Spectroscopy Spectroscopy Spectroscopy — Spectroscopy Spectroscopy

E(ITO) 89 85 88 875 86.4
E(2TO) 221 205 220 2185 219
E(3TO) 508 502 505 505 505
E(1LO) 128 - 128 128 128
E(2LO) 445 - 439 4405 4405
E(3LO) 717 - 723 687 682
A(1TO) 127 117 147 1485 1495
AL(2TO) 364 350 359 3595 357
AL(3TO) 651 634 646 647 642
AL(1LO) 215 - 189 194 193
AL(2LO) 445 - 465 465 464
Ay(3LO) 797 - 796 795 795
BL+E - 289 289 289 286

Perry et al. (1964) tried to investigate the optical phonons in PTO using IR
spectroscopy. The transmission and reflectivity spectra were obtained on polycrystalline
PTO.Y" Ostapchuk et al. (2011) obtained the polarized reflectivity spectra for PTO single

crystal along a- and c-axis.*

Figure 4.1 [B] gives the polarized reflectivity spectra for
PTO single crystal for both polarization obtained with Fourier Transform IR spectrometer
Bruker IFS 113v as described in section 3.2.2. The ¢, along a-axis is 6.6301 and along c-

axis is 6.6419 showing almost a negligible anisotropy in the near IR range.*® Table 4.1
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gives the TO and LO phonon frequencies in cm™ obtained for PTO single crystal by
Raman and IR spectroscopy.

4.2 PbTi1O3 Ceramics

The PTO ceramic pellet for our study was prepared at Ecole Centrale Paris. The
commercially available micrometric lead titanate powder was ball milled and the strain
was relieved by annealing this nanopowder. A pellet of 20 mm diameter was formed by
uniaxial and subsequent isostatic pressure application before being sintered at 1100 °C.
The pellet was cooled very slowly with a very slow ramp around PT. Even though the
whole thermal process took 30 hours in order to prevent strain that can break the pellet.
X-ray studies were used to verify the perovskite phase. A specimen of 7x7x2 mm?®
dimensions was prepared from the inner part of pellet and polished carefully to perform

various experiments.?’

4.2.1 PFM Measurements

The PFM images, recorded on PTO ceramics using the AFM microscope of the
Ntegra spectra apparatus of NT-MDT as described in section 3.4.3 are given in figure 4.2.
Figure 4.2(al), (a2), and (a3) represent the vertical height, magnitude and phase of the
PFM response obtained from about 50x50 pm? sized area of the polished surface of the
pellet. To get a better picture of the grains the area was reduced to 10x10 pm? sized area
in figure 4.2(b1), (b2), and (b3). The PFM image could be zoomed still into 3.7x3.7 um?
sized area fig. 4.2(c). The grains of size 1-3 microns are well seen.

The domains formed in the PTO ceramics are not seen very well by this method.
Thus additional experiment and theoretical calculations are performed to identify the

presence of domains in PTO ceramics.
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Figure 4.2. PFM images of PTO ceramics vertical (a) Height, Magnitude and Phase in
an 50x50 pm? sized area (b) Height, Magnitude and Phase in an 10x10 um? sized area
and (c) Height, Magnitude and Phase in an 3.7x3.7 um? sized area.

4.2.2 IR measurements

The near normal incident far-IR reflectivity measurements were performed as
described in section 3.2.2 at RT. The unpolarized reflectivity spectra obtained from PTO
ceramics along with the fit are given in figure 4.3. The unpolarized reflectivity spectra of
macroscopically isotropic PTO ceramics remind of the polarized reflectivity spectra of
PTO single crystal. There are, however, some additional features, marked by arrows.

The experimental data are evaluated using KKR as given in section 3.2.3.3 and
also fitted to a “4-parameter”-type model as described in section 3.2.3.2. This reflectivity

spectrum is fitted using 11 damped harmonic oscillators in order to fit all the details.
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Figure 4.4. (a) Real and (b) imaginary part of
permittivity and (c) Im[1/¢] obtained for PTO
ceramics at RT. Open and full circle symbols
mark positions of E and A; modes in the stress-
free single-crystal bulk PTO respectively as
given by Foster et. al. (1993).
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experimentally obtained data
and dotted line (red) shows the
corresponding 4-parameter fit.
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Figure 4.5. Permittivity (a) and
dielectric losses (b) of PTO ceramics
T =300 K fitted by 2 different models
namely 3-parameter model (Classical
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Table 4.2. The list of the 11 TO and 11 LO polar mode
frequencies and damping parameters (in cm™) obtained from
the adjustment to RT IR reflectance spectra of PTO ceramics
(0,=6.35). Values printed in bold correspond approximately
to the intrinsic phonon modes of PTO. Results were compared
with the permittivity spectra obtained with the help of KKR

(see 3.2.3.3)

m ®OTOm I'tom ®Lom I'lom
1 76 20 125 32
2 153 46 175 37
3 202 24 268 172
4 309 42 312 29
5 333 62 383 69
6 403 114 436 24
7 447 88 463 42
8 494 31 524 74
9 542 56 576 81

10 610 73 689 55

11 751 108 775 76

Figure 4.4 shows the real and imaginary part of permittivity, and —-Im[1/¢] of PTO
ceramics obtained from the fitting. The E(TO) and A;(TO) mode frequencies given by
Foster et al. (1993)*® are shown as open and full circles. The peak positions in figure 4.4
(b), showing the imaginary part of permittivity, give the effective TO mode positions.
The LO mode positions are apparent from figure 4.4 (c), showing the response function
e’=-Im[1/g].

PTO ceramics is fitted using different parameters namely within the 3-parameter
fitting model and 4-parametter fitting model. Figure 4.5 shows the real and imaginary
part of permittivity spectra obtained by using these different fitting models. The
agreement is satisfactory. The TO and LO frequencies and damping are obtained directly
as fitting parameters in the 4-parameter fit. Table 4.2 gives the corresponding parameters

obtained by fitting the PTO ceramics using 11 damped harmonic oscillators. The
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frequencies and dampings obtained for TO and LO modes corresponding approximately
to TO and LO modes obtained by Foster et al. (1993) are highlighted.®’

4.2.3 Effective Medium Approximation-Theoretical Approach

Effective medium approximation gives the macroscopic permittivity and effective
dielectric function of the PTO ceramics from permittivity of the PTO single crystal. The
ceramics effective permittivity is obtained by averaging the single crystal dielectric
tensor by different mixing formulas as Bruggeman effective medium approach or
Lichtenecker approach.

The tetragonal symmetry of PTO allows two independent non-zero components of
the permittivity tensor, corresponding to the permittivity parallel and perpendicular to the
tetragonal axis, €33 and €31, respectively. The complex permittivity €33 iS determined by
the Aj-symmetry polar modes as given in equation (2.35). The second component &, is
determined by the 4 E- symmetry modes that can be similarly obtained from equation
(2.36).

In order to apply different mixing formulas for PTO ceramics, the phonon
frequencies were taken from Raman measurements by Forster et al. (1993) as given in
table 4.1.*® The high frequency dielectric constants along tetragonal axis were taken as
g7 = 6.6301 and .33 = 6.6419 and for simplicity, all damping factors were set to be 25
cm™. The real (permittivity) and imaginary (losses) parts of the complex permittivity
along e11 and 33 symmetry are given in figure 4.6.

The effective dielectric permittivity of the isotropic PTO was obtained from the
intrinsic dielectric response of PTO single crystal using the mixing formulas described in
section 2.6. Let the first model be the Bruggeman Effective medium approximation
(called Model A) described by equation (2.37). Here E and A; responses are given the
statistical weights 2 and 1, respectively.

The second model, Lichtenecker formula (called Model B) employs the
expression for a geometric mean, given by equation (2.38). The third model used is the
Arlt and Peusens model (called Model C), which takes into account explicitly the
anticipated, so-called a-type domain configuration, having periodic repetition of two

particular variants of the 90° twin patterns. This model leads to the formula (2.41).
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The real and imaginary parts of the resulting effective dielectric function for the

above mentioned three models are compared in figure 4.7. All three mixing models show

clear peaks at mode positions that correspond to the 3 E(TO) and 3 A (TO) mode

positions of the anisotropic PTO single crystal. The open circles given in figure 4.7 (b)

give the 3 E(TO) positions and the closed circles give the 3 A1(TO) mode positions of the

PTO single crystal.
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Figure 4.6. Real (a) and imaginary (b) part
of the principal components of intrinsic
permittivity tensor of a single domain PTO
crystal, as derived through the equation
(2.69) from the available RT Raman
scattering study by Foster et al. (1993).
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Figure 4.7. Real (a) and imaginary (b) part
of the permittivity of isotropic PTO
ceramics, predicted by three different
effective medium approximations based on
the single crystal permittivity as given in
figure 4.5. The Model A (Bruggeman) is
given by equation (2.50), Model B
(Lichtenecker) is given by equation (2.51)
and Model C (Arlt and Peusens) is given
by equations (2.52-54). Open and full
circle symbols mark positions of E and A;
modes in the stress-free single-crystal bulk
PTO, respectively, as given by Foster et.
al. (1993).



However the loss spectra show more bands than expected from PTO single
crystal. We have concluded that these extra bands are so called geometric resonances.®
Geometric resonances are hybrid excitations resulting from the bulk polar modes as a
result of coupling with the dynamical depolarization field. Loss spectra of Model C show
geometric resonance at many positions like 300 cm™, 500 cm™ etc. Some of these peaks
are commonly seen in Model A, B and C like the weak mode around 450 cm™. These are
the extra peaks seen in figure 4.7 (b) (other than those specified by Foster et al (1993) in
PTO).

Comparing figures 4.4 and 4.7 showing the real and imaginary part of complex
permittivity as obtained from our spectra of PTO ceramics and by the mixing formulas, it
is seen that the Model C yields the spectra most similar to that obtained experimentally.
The presence of additional peaks in the loss spectra of PTO ceramics, other than the
expected 6 strong IR active phonon modes of PTO single crystal, shows the presence of
geometric resonances. This allows us to draw the conclusion that the internal domain
structure of grains in PTO ceramics is most likely similar to the so- called a-type domain

configuration with 90° twin domains.

4.3 Discussion

The PFM images of PTO ceramics show the grain size 1-3 um. The reflectivity spectra
obtained for PTO ceramics have features belonging to both polarization of PTO single
crystal. The reflectivity spectra are fitted with 4-parameter model, which gives all E and
A; mode positions. Geometric resonances give additional bands, other than the E and A;
modes, which originate from the grain structure in the ceramics. Model calculations show
the reflectivity, real and imaginary part of the permittivity for Bruggeman effective
medium approach (Model A), Lichtenecker approach (Model B) and Arlt and Peusens
model (Model C). Arlt and Peusens model (called Model C) is the most similar to the
experimental reflectivity spectra obtained for PTO ceramics, indicating the presence of a-
type domain configuration with 90° twin domains within the grains. These results suggest
that the IR spectroscopy could be used as an effective tool to identify the domain

structure present in the ceramic grains.
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CHAPTER 5 Lead Titanate Thin Films

5.1 Introduction

Basic ferroelectric and vibrational properties of PTO single crystal and ceramics
have been resumed in Chapter 4. Such features as high Curie temperature, high
piezoelectric coefficient and low dielectric constant makes PTO thin films quite much
interesting for many day-to-day applications. The properties of the PTO thin films grown
on different substrates vary from one another depending on the strain and domain
structure induced in the film during the process of their growth. The lattice mismatch
between the lattice parameters of the PTO film and the substrate is responsible for
inducing the strain and domain structure.

Pertsev et al. (1998) tried to obtain the strain-phase diagram for PTO using
Landau-Ginsburg-Devonshire-type  thermodynamic theory by assuming single
homogeneous domain state for all possible ferroelectric phases in thin film.”* The strain-
phase diagram was improved by considering two-domain states with a priori fixed
domain-wall orientation.*” This phase diagram contained single- or double- domain
states with domain walls orientations restricted to be 45° from the film/substrate
interface.

Koukhar et al. (2001) developed the Landau-Ginsburg-Devonshire-type theory
taking into account the mechanical substrate effect on the polarizations and lattice strain
in dissimilar elastic domains.** The strain phase diagram (figure 5.1(a)) shows a small
region of direct transformation from paraelectric to ferroelectric c/a/c/a domain pattern
when the misfit- strain ranges near S, = 0. At negative in-plane strain region occurs a
homogeneous ¢ phase at temperature near paraelectric phase, which allows the nucleation
of a-domains forming c/a/c/a pattern of domains. At positive in-plane strain region, the
ai/as/ai/a, polarization configuration is most favorable in PTO films. At critical
temperature in this region, the ¢ domains nucleate into the aj/a,/ai/a, regions. The
transformation from c/a/c/a to ai/aj/ai/a, state is a first order transformation. The
ferroelectric-to-paraelectric transformation is second order in the positive and negative

misfit region except near Sy, = 0.



Li et al. (2001) tried phase-field numerical approach to obtain domain stability phase
diagram for (001) PTO thin films in three-dimension. Figure 5.1(b) shows the effect of
substrate constraint and temperature on the domain volume fraction. Large compressive
strain can form 180° c-domains in the film where as high tensile strain favors ai/a,

domains. Thus, depending on the mismatch strain and the temperature, the domain

structure can be single c-domain or c/a/c/a or ai/az/as/a, pattern. 1%
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Figure 5.1. Strain-phase diagram of (001),-oriented PTO on cubic substrate. (a) Single-
and double-domain states with domain-wall orientations restricted to be either 45° or
90° from the film/substrate interface'. (b) From 3D phase field simulations that
automatically predict the possible multidomain states without assuming the domain-wall
orientations™.

5.2 Preparation of Epitaxial Thin Films

The epitaxial PTO thin film can be grown by different methods like Metalorganic
Chemical Vapour Deposition (MOCVD)%® %0 91 9293 'so[_ge|? Pulse Laser Deposition
(PLD)® and rf-magnetron sputtering®™. Among this different growth process MOCVD
has an advantage in terms of preparing larger epitaxial film with high growth rate and
good conformal step coverage. The PTO thin film samples used for the present study are
prepared through pulsed liquid injection MOCVD technique.

Pulsed liquid injection MOCVD technique uses a vertical hot wall reactor for
deposition”’. A computer controlled injector is used to inject micro-doses of an organic

solution containing a mixture of metal-organic precursors into a hot evaporation zone.
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The evaporated vapour mixture (precursors + solvent) is carried to a deposition zone by
an Ar+0, gas flow. Here the precursor feeding rate, vapour and film deposition can be
easily controlled. Among the different precursors widely available, Pb(thd), and
Ti(thd),(O'Pr), have been used here. The deposition conditions are summarized in table
5.1.

The various deposition conditions like deposition temperature, partial oxygen
pressure, deposition pressure, injection frequency, solution concentration and solution
composition influence the film growth. SEM and AFM were used to study the
morphology of the film. The film thickness is determined by taking the cross sectional
image of the film by SEM. Film composition was studied by wavelength dispersion
spectroscopy (WDS) using Camera Sx-50. XRD in Bragg-Brentano and Schulz
geometries using a SIEMENS D5000 diffractometer with monochromatic CuKal
radiation (A = 0.15406 nm) was used to study the crystallization, phase purity, in-plane

and out-of plane orientation of the films.*

Table 5.1. Deposition conditions for PTO layers grown by PI-MOCVD.

Substrates SrTi0O3(100), LaAlO3(001- in a pseudo-
cubic setting)

Substrate temperature (Tpep), °C 550-750

Evaporation temperature, °C 280

Transport gas Ar+0,

Total gas flow rate, 1/h 60

Oxygen fraction (Fox), % 7-50

Total pressure (P+), Torr 2-10

Precursors Pb(thd),, Ti(thd)2(O'Pr),

Solvent Toluene

Solution concentration (total, cr), mol/l 0.02-0.08

Injection frequency (vinj). Hz lor2

Thickness, nm 100-300
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5.3 Substrates used for PTO Thin Films

Substrates have a significant role in determining the properties of thin film as the
difference in lattice mismatch determine the strain and domain structure. As it is seen in
figure 2.16, a wide variety of substrates are available, which can be selected according to
the different applications of the film. The tensile or compressive strain induced by the
substrate in the thin film can be determined by comparing the lattice parameters of
different substrate and PTO. If the substrate has higher lattice parameters than the film,
the film will be under tensile strain and if the lattice parameter of substrate is smaller than
the film, the film will have compressive strain. As it is seen in figure 5.1, the tensile
strain favors a-domains and compressive strain favors c-domains formation. IR reflection
spectra are used here to characterize the polar phonons in ferroelectric thin films in a
broad spectral range. The substrates were provided by CrysTec (Germany) that were

grown by Czochralski method.*®®

5.3.1 Lanthanum Aluminate, LaAlO; (LAO) (100)

Crystalline LaAlO3; (LAO) is a popular substrate used for ferroelectric thin films
and high-T. superconductors.®®**%° | AO is a distorted perovskite with cubic-to-
rhombohedral PT around 813 K with lattice parameter a_a0=3.789 A.*!

PTO thin film on LAO (PTO/LAO) favors the formation of c-domains as there is
a compressive strain between the film and the substrate. XRD studies show the growth of
film in c-axis oriented growth plane. The cubic-to-rhombohedral PT of the substrate and
the cubic-to-tetragonal phase transformation of the PTO film induce c-axis tilt and 90°
domains. The volume of 90° domains formed indicates the lattice mismatch strain and
varies according to different substrates.”

The Raman spectra of PTO/LAO of different thicknesses varying from 30 to 460
nm showed the presence of compressive misfit stress. Splitting of the A;(TO) modes
shows the presence of a- and c-domains in the thin film.** Evaluation from the Raman
shift of E(3TO) mode shows that a-domains are more stressed that c-domains. High
temperature measurements show the vanishing of a-domains at 753 K and of c-domains
at 853 K.'*
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IR reflectance spectra of 55 nm thick PTO/LAO are given in figure 5.2. As the

reflectivity spectrum measures the overall reflectivity from the surface, the sample is
measured with electric field (E) parallel to [001] and [110] directions. The E(TO) and
A1(TO) positions of PTO/LAO are compared with the E(TO) and A;(TO) frequencies of
stress-free bulk PTO single crystal given by Foster et al. (1993).*
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Figure 5.2. Comparison of
reflectance spectra of LAO and
PTO/LAO when the
polarization is parallel to [001]
and [110] at RT. Bands related
to E-modes of PTO film are
shown by arrows. Open and
full circle symbols mark
positions of E and A; modes in
the stress-free single-crystal
bulk PTO respectively as given
by Foster et. al. (1993).

Figure 5.2 shows that the reflectivity of LAO substrate is the same when the E is
parallel to [001] and [110] directions. The additional features obtained as a signature of
PTO on the reflectance spectra of PTO/LAO are shown by arrows. These features are
obtained at E(1TO), E(2TO), E(3TO) and A1(2TO) positions. Traces of A1(TO) modes
along with the E(TO) modes show the presence of a-domains in PTO thin film along with

the expected c-domains.
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Figure 5.3. Experimental reflectivity
data and the corresponding 4-
parameter fit of the LAO at RT.



In order to fit the PTO/LAO spectra, the substrate has to be fitted at all
temperatures. The reflectivity spectra of LAO were fitted with 4-parameter model using
six modes. RT reflectivity and the corresponding fit are shown in figure 5.3.

Table 5.2: TO frequencies of LAO at RT obtained by the 3-parameter and 4-parameter
fitting models by different authors

Morel et al. Calvin et al. Zhang et al.
149 150 169 Present work
(1991) (1991) (1994)
€= 2.47 €= 4.2 €= 4.0 €= 4.12
3-parameter 3-parameter 3-parameter 4-parameter
model model model model
o(1TO) 188 182 184 183.2
®(2TO) 3746
o(3TO) 429 429 428 426.1
®(4TO) 500 501 496 4954
o(5TO) 678 657 652 648.3
®(6TO) 695 692 710.6

Table 5.2 shows the TO frequencies obtained by different authors by fitting the
RT reflectivity of LAO using different fitting models. Zhang et al. (1994) has compared
the fits by Morel et al. (1991) and Calvin et al. (1991).149, 150, 169 As compared to the
3-parameter model, which estimates the LO frequencies based on the dielectric strength
and damping, the 4-parameter model gives more accurate LO frequencies. As the modes

in LAO are broad, it is recommended to use the 4-parameter model.

68



Figure 5.4. PTO thin film on LAO
(55 nm) (a) experimental data and

- 200- | fit (b) permittivity and (c) losses.
® - Open and full circle symbols mark
100 ° o ¢ positions of E and A; modes in the
0 A R R R U stress-free single-crystal bulk PTO

0 100 200 300 400 500 600 700

1 respectively as given by Foster et.
Wavenumber (cm™) al. (1993)

The PTO data were fitted using the 3-parameter model with four modes. The fit,
permittivity and dielectric losses obtained are given in figure 5.4. Comparing the TO
frequencies obtained by the 55 nm thick PTO/LAO and bulk PTO single crystal
frequencies in figure 5.4(c), the TO frequencies are shifted to the lower frequencies at
higher modes. Also along with the prominent E(TO) modes, traces of A;(TO) modes are
also visible. This gives evidence of the domain structure formed during the thin film
formation. Presence of both E and A; modes indicates formation of c- and a-domains

respectively as the thin film passes the paraelectric-to-ferroelectric PT.

5.3.2 (La,Sr)(Al,Ta)O; (LSAT) (100)

(La, Sr)(Al, Ta)O3 (LSAT) is a popular perovskite substrate used for ferroelectric

132 The Jattice parameter is given as a sar = 3.869 A.**°

and antiferromagnetic thin films.
The powder XRD data show a low temperature structural PT from cubic-to-tetragonal or
cubic-to-orthorhombic phase at 150 K.'** The reflectance spectra of a 55 nm thick
PTO/LSAT are compared with the LSAT reflectivity spectra with polarization parallel to

[001] and [110] direction in figure 5.5.
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As the lattice parameter of LSAT is very close to that of PTO, the film has very

small misfit strain at RT. Thus the reflectance spectra of PTO/LSAT show features that

are characteristic of the stress-free bulk PTO single crystal modes. The reflectance

spectra are also independent of the polarization.
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Figure 5.6. PTO/LSAT (55 nm) (a)
experimental reflectance data and fit
(b) permittivity and (c) losses. Open
and full circle symbols mark
positions of the E and A; modes in
the stress-free single-crystal bulk
PTO, respectively, as given by
Foster et al. (1993).



The fit and the corresponding permittivity and losses of PTO/LSAT are given in
figure 5.6. The TO mode positions of the 55 nm thick PTO/LSAT closely resemble the
E(TO) mode frequencies obtained for stress free bulk PTO single crystal. Thus this film

is mainly dominated by c-domains.

5.3.3 Magnesium Oxide (MgO) (100)

Magnesium oxide (MgO) is a cubic substrate with the lattice parameter amgo =
4.212 A% The PTO/MgO has tensile strain and favors the formation of a-domains for
thinner films and has compressive strain favoring c-domains in thicker film. XRD studies
on 250 nm thick PTO/MgO showed a-domains and c-domains. The lattice parameters in
a- and c-domains are estimated as a. = 3.92 A and ¢. = 4.13 A in c-domain and a, = 3.91
A and c, = 3.92 A in a-domains. The decrease in tetragonality (c/a) of thin film as
compared to the single-crystal PTO is due to the stress induced by the substrate.
Tetragonality of a- and c-domains are 1.003 and 1.050, respectively. This shows that a-
domains are more stressed than c-domains.

The IR reflectance spectra of 55 nm thick PTO/MgO are compared with the
reflectance spectra of MgO in [001] and [110] direction. As MgO has higher lattice
parameters than PTO, the PTO thin film will experience tensile stress and will favors the

formation of a-domains. MgO substrate is transparent below 100 cm™ even at RT.

10— roTT s ' Figure 5.7. Comparison of
300K reflectance spectra of MgO

0.8 and PTO/MgO (55nm) when

Q I the polarization is parallel to
c 0.6 (100) and (011) at RT. Bands
I3 i related to E-modes of PTO
= 0.4r ju o MO E [ [001] film are shown by arrows.
14 - e MgO E || [110] Open and full circle symbols
0.2+ PTO/MgO E || [001H mark positions of E and A;

i —— PTO/MgO E || [110]] modes in the bulk stress-free

o_oo PTO single-crystal

100 200 300 400 500 600 700
Wavenumber (cm'l)
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respectively, as given by
Foster et al. (1993).



In figure 5.7, the signature of a-domains are well seen around 150 cm™ and 300

cm™ as there is more contribution from the A;(TO) modes. This shows the effect of

tensile stress. The shift in frequencies is due to the stress experienced by the substrate but

the domain structure might be quite complicated.
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Figure 5.8. PTO/MgO (55 nm) (a)
experimental data and fit (b)
permittivity and (c) losses. Open and
full circle symbols mark positions of
E and A; modes in the bulk stress-
free single-crystal PTO, respectively,
as given by Foster et al. (1993).

The MgO substrate reflectivity is fitted with two oscillators and the corresponding
PTO/MGO by six modes. Additional modes are used to fit the features related to A;(TO)
modes of the PTO/MgO. Figure 5.8 shows the reflectance fit along with the real and

imaginary part of the permittivity. The reflectance fit of PTO/MgO shows clear evidence
of the E(TO) and A;(TO) modes. This shows the possibility of formation of both a- and

c-domains.

5.3.4 NdGaO; (NGO)
NdGaO; (NGO) is a popular substrate due to its low losses. At RT NGO has

orthorhombic structure with the space group Pbnm. The in-plane lattice constants are

found to be anco = bneo = 3.865 A and out-of-plane lattice spacing cneo = 3.3.857 A in
NGO (110) 1> 1%
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The in-plane compressive strain favors the formation of c-domains in this PTO
thin film. In Raman spectra of PTO/NGO all the Raman peaks show phonon-mode
hardening behavior as compared with the PTO single crystal (Burns et al. (1970)%°).
Thus for an epitaxial thin film the shifts in phonon modes give evidence of a remnant
stress®

IR reflectance spectra of the 55 nm thick PTO/NGO are given in figure 5.9. The
IR anisotropy of the NGO substrate is very pronounced as is well seen in the reflectance
spectra. Signature of the E(TO) modes, characteristic for PTO bulk single crystal, is also
well seen in the reflectance spectra of PTO/NGO.

Nuzhnyy et al. (2011) have fitted the reflectivity spectra of NGO for E || (001)
with the 4-parameter model using 10 modes at low temperature and 9 modes at RT and
higher. The reflectivity spectra of NGO for E || (110) are fitted using 17 modes at low
temperature and 15 modes at RT.**® PTO/NGO for E || (001) and E || (110) plane are
fitted using 4 modes that correspond to the PTO. The fits of permittivity and losses along
the (001) and (110) polarization are given in figure 5.10 [A] and [B] respectively.

The TO mode frequencies obtained by fitting the PTO/NGO along E || (001) and
E || (110) correspond well to the E(TO) modes observed by Foster et al. (1993). The
contribution from A1(TO) modes is hardly seen. Thus the c-domains formation during the
PT is prominent.
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Figure 5.9. Comparison of reflectance
spectra of NGO and PTO/NGO
(55nm) (a) the polarization is parallel
to (001) and (b) the polarization is
parallel to (110) at RT. Bands related
to E-modes of PTO film are shown by
arrows. Open and full circle symbols
mark positions of E and A; modes in
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PTO, respectively, as given by Foster
et al. (1993).
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Figure 5.10. PTO thin film on [A] NGO (001) and [B] NGO (011) at T = 300 K (55
nm) (a) experimental data and fit (b) permittivity and (c) losses. Open and full circle
symbols mark positions of E and A; modes in the stress-free single-crystal bulk PTO,
respectively, as given by Foster e. al. (1993).
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5.3.5 Strontium Titanate SrTiO3; (100), (110) and 0. 5 % Nb doped

(111)

SrTiO; (STO) is a cubic perovskite structure at RT with space group Pm3m(O™).
The lattice parameter is asro = 3.905 A. STO undergoes a structural PT from cubic-to-
tetragonal phase at 105 K."® STO surface is widely used as a substrate for ferroelectric
thin films, high temperature superconductor thin films and in photoelectrolysis.* 169 162
192 studies of same film on different STO surfaces have shown difference in their
properties.’® % Doping STO(111) with 0.5 % Nb introduces conductivity in the
substrate, without changing the lattice parameters.”> STO being paraelectric at RT is a
good candidate for studying the defects by doping as the domain formation is avoided.
XRD studies of PTO thin film grown on insulating STO substrate have revealed periodic
180° stripe domains with film thicknesses from 12 to 420 A.*** *** For PTO grown on
conductive Nb-doped STO substrate, the XRD studies show a decrease in tetragonality
for film thickness below 200 A. This is marked as a signature of progressive suppression
of the ferroelectricity in ultrathin films.*® In the 250 nm PTO/STO(001), Raman studies
show that the PT temperature is shifted to 923 K. At RT this film is tetragonal with
c/alcla domain pattern.”

IR reflectance spectra of 55 nm thick PTO film on STO substrates of different
orientations at T = 300 K are given in figure 5.11. Figure 5.11 (a) shows the reflectance
spectra of 55 nm thick PTO/STO(100) plane and the reflectivity spectra from the
STO(100) substrate at RT. There is no significant difference in the substrate and the film
when the polarization is along (001) and (110) direction. E(2TO) and E(3TO) modes
from the PTO are seen as compared to the STO(100) substrate.

The reflectance spectra of PTO/STO(110) substrate and the reflectivity spectra of
STO(110) substrate are given in figure 5.11 (b). Here the reflectivity spectra of the
substrate are independent of the polarization. The corresponding reflectance spectra of
the PTO thin film are anisotropic. For the polarization along (001) the E(2TO) mode is
much broader and shifted towards higher frequency. The E(TO) modes are prominent for
the polarization along the (110) direction. Here the E(2TO) mode is shifted towards lower
frequency as compared to PTO/STO(100).
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Figure 5.11. Reflectance spectra of
55 nm PTO thin film (a) on
STO(100), (b) on STO(110) and (c)
on STO(111) doped with +0.5% Nb
when the polarization is parallel to
(001) and (110) directions at RT.
Bands related to E-modes of PTO
film are shown by arrows. Open and
full circle symbols mark positions of
E and A; modes in the stress-free
single-crystal bulk PTO, respectively,
as given by Foster et al. (1993).

The comparison of reflectance spectra of the PTO/STO(111)+0.5 % Nb and
reflectivity spectra of the STO(111)+0.5% Nb substrate is given in figure 5.11(c). From
figure 5.11 (a) and (b), it is seen that the reflectivity spectra of STO(100) and STO(110)
are the same, as expected. But in figure 5.11(c) the reflectivity spectra of STO(111)

doped with 0.5 % Nb are very different. The thin film has only a weak signature of

E(TO) modes, which are very broad.

The STO substrates were fitted with the 4-parameter model using four oscillators,

appreciably broader in the case of doped STO. Figure 5.12 shows the fit of

PTO/STO(100) and the corresponding permittivity and loss spectra.
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Figure 5.13. PTO/STO(110) (55 nm) at T =
300 K along E || (110) and E || (001)
direction (a) experimental data and fit (b)
permittivity and (c) loss spectra. Open and
full circle symbols mark positions of E and
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crystal PTO, respectively, as given by
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The reflectance spectrum of PTO/STO(100) show prominent feature from E(2TO)

and E(3TO) modes that correspond to those of PTO single crystal. These spectra are

fitted with the 3-parameter model and shown in figure 5.12. A;(TO) modes are not seen,

thus the possibility of finding a-domains is very small at RT. Although the c/a/c/a pattern
of domains is observed in the 250 nm thick PTO/STO(100) at RT, the 55 nm thick film is
favoring c-domains as they are more strained than the thicker film.”*

As seen in figure 5.11 (b), there is an anisotropy of the PTO/STO(110) for
polarization parallel and perpendicular to the c-axis. Spectra of the PTO/STO(110) along

both directions together with their fits are shown in figure 5.13. The difference between

these two spectra mainly exist in the position and strength of the E(2TO) mode. For the
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polarization along (110) the E(2TO) mode is stronger and is shifted to lower frequency as
compared to the E(2TO) mode position given by Foster et al. (1993). The E(2TO) mode
obtained for polarization along the c-axis is shifted almost by 60 cm™ as compared to
E(2TO) mode of the bulk PTO single crystal. This shift in the mode frequency can be due
to the influence of the A1(2TO) mode. Thus for the PTO thin film on STO(110) a

complex domain pattern is expected with both a- and c-domains.

Figure 5.14. PTO/STO(111) (55 nm)

i o ©) 1 doped with 0.5 % Nb at T = 300 K
.o . 1 (a) experimental data and fit (b)
T ° permittivity and (c) losses. Open and

: 1 full circle symbols mark positions of

20r ) the E and A; modes in the bulk
ob=" . . stress-free  single-crystal ~ PTO,

0 100 200 300 400 500 600 700 respectively, as given by Foster et al.

Wavenumber (cm™) (1993).

The features seen in the PTO/STO(111) + 0.5 % Nb are broader and weaker as
compared to above mentioned PTO thin films, as shown in figure 5.14. These features are
fitted using the 3-parameter model. This film has a lower static permittivity and mode
strength as compared to the other PTO thin films. Thus the features are not so
prominently seen as in the above discussed PTO thin films. The loss spectra show
signature of E(2TO) and E(3TO), but they are difficult to analyze.

5.4 Film Thickness

Thin films can be prepared of different thicknesses. Film thickness plays a

significant role in determining the properties of thin film. The thinner films could be
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more stressed than the thicker films. The residual stress due to the mismatch with the
substrate relaxes as the film thickness increases. Film thicknesses above 125 nm are less
substrate dependent and the tensile stress relaxes by forming the a-domains. The thin
films are further relaxed by dislocations as the thickness approaches 460 nm and the a-

domain fraction decreases.”

10 Figure 5.15: Comparative study
' S of the unpolarized reflectance
spectra of PTO thin films of

; different thicknesses on the LAO
0.6 substrate , namely of 55 nm, 110
L nm and 250 nm. Bands related

to E-modes of PTO film are
Vo | shown by arrows. Open and full

0.2l 1RO e Vi circle symbols mark positions of

0.8¢

Reflectance

rrrrrr PTO/LAO 55nm | ./ U .
PTO/LAO 110nm E and A; modes in the bulk
— PTO/LAO 250nm :
0. - stress-free single-crystal PTO,
o100 ZSVnggSmiz?c:qoo 600" 700 respectively, as given by Foster
etal. (1993).

Figure 5.15 shows the comparison of LAO substrate reflectivity and reflectance of
PTO/LAO of three different thicknesses, namely 55 nm, 110 nm and 250 nm. The
signature of E(TO) and A;(TO) modes is seen, they correspond to the PTO bulk single
crystal and are more prominent as the film thickness increases. This indicates the
complex domain pattern developing in the thin film as the thickness increases when the

film starts to relax resulting in a higher volume percentage of the a-domains.

5.5 Discussion

The above sections give an overview of the PTO thin films prepared on different
substrates, namely LAO, LSAT, MgO, NGO, STO(100), STO(110) and STO(111) doped
with 0.5 % Nb. PTO thin films on LAO, LSAT, MgO, STO(100) and STO(111) + 0.5 %
Nb are isotropic. IR spectroscopy shows anisotropy for the PTO thin films on NGO and
STO(110). In the PTO/NGO, the anisotropy is due to the difference in lattice parameters
of the NGO substrate. In the case of PTO/STO(110), the anisotropy in the thin film exists
due to the anisotropic film growth character on the STO(110) plane.

The main characteristics including the lattice parameters, misfit strain, thermal

strain etc., for each substrate and bulk PTO are summarized in table 5.3. Based on the
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lattice mismatch between the thin film and the substrate, the maximum misfit strain is
reported for PTO/MgO and the minimum for PTO/LAO. The PTO thin films on LSAT,
NGO and STO substrates are less strained than PTO thin film on MgO and LAO by
comparing their misfit strains. Thermal strain is characteristic for each substrate. LSAT

has the smallest thermal strain compared to other substrates.

Table 5.3. Characteristics of all substrates and of bulk PTO single crystal along with
misfit strain and thermal strain for all film substrate system.

n Lattice Misfitstrain =
= o =
8 g  Parameters (A)  atRT (%) é" 2
(%2}
5 & o With wih 5 3
g & 3 At PTO PTO = 2
= 5 5 AtRT R,
% E Tdep a' C' .:E:\ ’0\3
S axis  axis <
Cubic-to-tetragonal a=3.899 -1.9
PTO 3.974
at 763 K c=4.153 +4.5
Cubic-to-
LAO  rhombohedral at (001) 3.789 3814 -29 96 -42 -0.659
813K

Cubic-to-tetragonal
LSAT ororthorhombicat (100) 3.869 3890 -0.7 -73 -21 -0.542

150 K
MGO  Cubic (001) 4212 4251 +7.4 +14 +65 -0.925
NGO Orthorhombic at (110) a=3.865 a=3.89 -08 -74 -19 -0.87
RT c=3857 ¢=39 -10 -76 -18 -111
sTO Cubic-to-tetragonal  (100)  3.905 3932 +0.1 -63 -11 -0.691
at 105 K (110) 3.905 3932 +0.1 -63 -11 -0.691
STO  Cubic to tetragonal
+05% at 105 K (111) 3905 3932 +0.1 -63 -11 -0.691
Nb
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The mode positions obtained for all PTO thin films on different substrates are
compared with the mode frequencies of bulk PTO single crystal in table 5.4. The TO
mode positions are obtained from the peak in imaginary part of the complex permittivity.
The LO positions are calculated from the -Im[1/€] response function. The TO and LO
mode positions are assigned based on stress free bulk PTO single crystal obtained by
Foster et al. (1993). Some extra modes were found, which could not be accommodated to
the mode frequencies of PTO single crystal. These extra modes are contribution due to a

complex domain structure formed in PTO thin films as the films pass the PT temperature.

Table 5.4. Mode frequencies obtained for bulk PTO single crystal and 55 nm thick PTO thin
films on LAO, LSAT, MgO, NGO, STO (100), STO (110) and STO (111)+ 0.5 % Nb.

] + v}
3 o 3 3 3 o O
2 0 3 = 5 Q & 20 =X 5
- 3 o o o Z = 5 & >
L 3 > = B —
s O ~ © 8 o B
= [001]  [110] =~ T[001] [110] =
E(ITO) 875 84261 89.16 80.29 8099 82.16 - - -
E(2TO) 2185 209.60 22454 21170 20750 2103 21590 2835 2035 2322

E(3TO) 505 49856  509.77 503.70 500.66 512.1 502.76 504.4 504.6 509.7
E(1LO) 128 101.53 12744 128.61 14518 1421 17085 1283 108.5
E(2LO) 4405 459.12 44138 460.05 45351 4614 477.09 4805 4420 4889

E(GLO) 687 660.08 6115
A(1TO) 1485
A(2TO) 3595 299.93 142.14

A(3TO) 647
A(1LO) 194
A(2LO) 465 168.99
A3LO) 795

29993 295.96
B+E 289 (9 (T0)
298.06 289.66
(LO) (LO)
388.1
554.585 526.3
Extra (-0)
(LO) (LO) 573.7
(LO)
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Mode frequencies and their shift show that the PTO thin films on LAO and MgO
have contribution from both E(TO) and A:;(TO) modes indicating a complex domain
pattern. As the MgO is transparent even at RT below 100 cm™, PTO thin film on MgO
needs a detail measurements in reflection and transmission modes to study the position of
the E(1TO) mode. PTO thin films on LSAT, NGO(001), NGO(110) and STO(100) have
mainly the c-domains as the contribution from A;(TO) modes is negligible. PTO thin film
on STO(110) for E along the (001) and (110) directions show a shift in the E(2TO) mode
frequency. Irrespective of the wide possibility of investigating the details of each film
substrate system, this work concentrates on the PTO/LAO, as these films have high misfit

strain and a complex a- and c-domain pattern.
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Structure and Raman modes of PbTiO3, Phase Transition, 84 509-520 (2011).
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CHAPTER 6 Lead Titanate Thin Film on

Lanthanum Aluminate Substrate

6.1 Introduction

PTO thin films are typically grown above paraelectric-to-ferroelectric PT. As the
film passes from high-symmetry phase to low symmetry phase, domain formation helps
to relax the thermal strain and misfit strain during the PT.%" ‘" Formation of domains,
therefore, is inevitable in most cases. Obviously, domain structure significantly
influences the properties of films.

The aim of this chapter is to check to which extend the spectroscopic and PFM
techniques can be useful for inspecting the presence of domain patterns in PTO/LAO in
detail. Previously, PTO/LAO were investigated using XRD and Raman spectroscopy by
Bartasyte et al., (2007, 2008, 2009, 2011).%% 64 €8 69.70. 116 5, work was dedicated to
study of 250 nm and 100 nm thick PTO thin films grown epitaxially on LAO substrate
using IR spectroscopy, Raman spectroscopy and PFM. Theoretical interpretation is also

tried using the effective medium approximation.

6.2 Analysis of IR spectra of the 250 nm thick film
Here 250 nm thick PTO/LAO film is measured in the temperature range 10 to 873

K. Its RT reflectance spectra are compared with the LAO substrate reflectivity in figure
6.1. The E(LTO) mode is seen as a peak around 90 cm™, while the E(2TO) and E(3TO)
mode positions show a dip in the reflectance spectra around 200 cm™ and 500 cm?,
respectively. The broad peak around 325 cm™ corresponds to A;(2TO) and Ay(3TO) is
given by a reflectance suppression near 550 cm™. The reflectance spectra on PTO/LAO
are quantitatively analyzed using the Fresnel Formulas (section 3.2.3.4) to determine the

mode position and understand the domain patterns in more detail.
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6.2.1 Fit using Classical Oscillator Model

700

Figure 6.1. RT reflectance
spectra of 250 nm thick
PTO/LAO and reflectivity
spectra of the LAO substrate.
Bands related to E-modes of
PTO film are shown by
arrows. Open and full circle
symbols mark positions of E
and A; modes in the stress-
free single-crystal bulk PTO,
respectively, as given by
Foster et al. (1993).

To fit the reflectance spectra of the 250 nm thick PTO/LAO, classical oscillator

(3-parameter) model is tried as described in section 3.2.3.1. The film was fitted using 9

damped modes, specifying the frequency, damping and dielectric strength. Figure 6.2

shows the reflectance along with the 3-parameter fit. The E(TO) and A;(TO) frequencies

obtained are in good agreement with the TO mode positions on PTO single crystal. But

the fit around 450 cm™ is not perfect. Thus the 4-parameter model was also tried to obtain

a better fit for this thin film.
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6.2.2 Fit using 4-Parameter Model

PTO thin film was tried to be fitted using 9 generalized damped harmonic
oscillators. The fit along with the real and imaginary part of permittivity is given in figure
6.3. The fit at T = 300 K was good. The peaks in the loss spectra given in figure 6.3(c)
correspond to the E(TO) modes of the PTO single crystal. Along with E(TO) modes,
traces of A;(TO) modes are also seen, which indicates a presence of the a-domains in the
film.

The fitting parameters at T = 300 K are given in table 6.1. As compared to the 55
nm thick thin film, higher number of modes are required to fit the thicker film, to fit the
features related to the domain structure, other than the pure E and A; modes given by
Foster et al. (1993).
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6.2.3 4-Parameter fitting model using parameters of PTO ceramics

The PTO thin film was tried to be fitted using the fitting parameters obtained for
PTO ceramics in table 4.2. The corresponding fit is given in figure 6.4(a) and it is seen
that the fit is not good. Various parameters like film thickness, dampings (TO and LO)
and frequencies (TO and LO) were modified to fit the reflectance spectra in the best
possible way, giving the fit as in figure 6.4(b).

The presence of domains in PTO/LAO was studied using XRD and Raman

18 A detail XRD using two-dimensional (2-D) ©-2® mapping showed the

spectroscopy.
presence of c-, a;- and a,-domains, giving rise to c/a/c/a and ai/ay/a;/a, domain pattern
(Section 2.4.1). The effect of c-, a;- and a,-domains can be seen in the reflectivity

spectra, as the overall spectra from the area specified by 3 mm aperture are obtained.
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6.2.4 Temperature Dependence
The temperature dependence of the 250 nm thick PTO/LAO film in the

temperature range 10-873 K was studied as described in section 3.2.2. The obtained
reflectance spectra were fitted using the 4-parameter model as descried in section 3.2.3.4
for thin films. The reflectance spectra along with the corresponding fits at various
temperatures, namely 10 K, 300 K, 573 K and 773 K are shown in figure 6.5.

Comparing the different reflectance spectra, it is seen that the low frequency peak
around 80 cm™ at 10 K moves smoothly down to 60 cm™. This shows the signature of
softening of the soft mode in PTO.

High temperature measurements show that in 250 nm thick PTO film the PT is
seen around 773 K. At this temperature in reflectance spectra the traces of A; mode
around 330 and 550 cm™ are diminishing. This is due to the ferroelectric tetragonal-to-
cubic PT. The close resemblance between the T, in PTO single crystal and 250 nm thick

film gives evidence for the stress relaxation in thicker thin films.
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The reflectance spectrum at 10 K shows the traces of silent mode at 289 cm™. The
silent mode is seen even in RT reflectance spectrum, but at high temperatures this mode
vanishes. The real and imaginary part of the permittivity is given in figure 6.6. In figure
6.6 (b), at low temperature E(TO) and A:;(TO) mode positions are seen. As the
temperature increases, the signature of A1(TO) mode gets weaker and at 773 K it almost
vanishes. This is due to the ferroelectric-to-paraelectric PT. Also the lowest mode,
namely the soft mode corresponding to E(1TO) mode is softening as the temperature is
increased. A shift up to 25 cm™ is seen as the temperature moves from 10 to 773 K.

In figure 6.6(a), the static permittivity appears to be increasing with temperature.
Figure 6.9 shows the static permittivity from 10 to 873 K. The drop in the static
permittivity at 773 K shows the PT.

The fit of reflectance spectra gives the TO and LO frequency and damping. The
TO frequencies obtained for selected temperatures from 10 to 873 K is given in figure
6.8. A smooth change of each mode towards lower frequency is seen as the temperature
increases. The silent mode, around 289 cm™, is seen only till 300 K. At high

temperatures, above 623 K, an additional mode appears around 650 cm™.
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Figure 6.7. Temperature dependent static Figure 6.8. Temperature dependence of
permittivity obtained from the contribution of polar TO phonons frequencies obtained
all polar phonons. for 250 nm thick PTO/LAO.
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Table 6.1. Polar phonon mode frequencies, dampings and
dielectric strengths of the 250 nm PTO/LAO film at 10 K, 300 K,
573 Kand 773 K.

o710 YTO ®Lo YLO Ag
88.14 9 118 46 92
126 158 178 64 1
189 78 200 242 147
221 14 327 227 6
10K 289 4 289 5 0.002
346 37 360 61 035
390 89 456 9 105
508 12 551 152 047
635 106 683 81 041
83.33 10.84 1179 542 11283
118.13 20513  167.12 50.8 101
187.73 92.26 189.1 378 046
21154 285 324.18 158 9.94
300 K 289.35 5.02 289.38 483 0.002
334.25 40.98 349.82 98.9 019
389.2 13003 45147 145 122
499.09 23.18 532.97 164 046
606.24 107.6 681.99 109 068
77.15 1425 1163 62.04 1206
11721 19231 159.8 69.59 109
179.94 6112 183.15 327.84 108
202.38 54,03 293.96 20559 834
573 K i i i i 071
316.85 61.47 337 117.44
366.3 14148 44414 39.95 135
489.02 4281 491.76 183.15 004
578.76 120.42 678.16 46.47 123
625 4796 107.14 33.19 20058
113.09 168.04 1456 92.95 6.78
168.04 72.11 1685 358.98 031
189.56 82.19 28297 148.89 17.86
773 K i i i i i
283.88 93.86 306.78 13645 0.07
330.59 15384 43316 5116 167
477.11 56.43 48352 202.84 0.11
565.94 1543 626.38 61.24 169
628.21 76.23 7143 97.07 0.03
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6.3. PFM investigations of the 250 nm Thick film
The presence of domains in PTO/LAO was previously studied using XRD and

Raman spectroscopy.''® The effect of c-, a;. and a;-domains can be anticipated also from
the IR reflectivity spectra. Nevertheless, we have been interested in possibility to obtain
direct, real space images of ferroelectric domain structures by PFM technique. The PFM
images were recorded at ambient conditions using AFM microscope of the Ntegra spectra
apparatus of NT-MDT as described in section 3.5. The imaging was done at a 1x1 pm®
sized area.

Figure 6.9 gives the PFM image obtained for [001] surface of the 250 nm
thick PTO/LAO. Figure 6.9(a) gives the vertical PFM image with the maximum contrast
between the out-of-plane components of the local spontaneous polarizations. As c-
domains are areas with out-of-plane spontaneous polarization, the color contrast
corresponds to the positive or negative value of c-domain. In the vertical PFM image, the
a-domains have almost zero value as they correspond to the areas with the in-plane
spontaneous polarization. Figure 6.9(b) gives the lateral PFM image with the maximum
contrast between the in-plane components of local spontaneous polarization. In lateral
PFM image the areas of maximum contrast correspond to the a;-domains as they are
aligned along the [100] direction. The c- and a,-domains are given by intermediate
contrast.

The areas with wavy boundaries of diameter 200-500 nm with maximum contrast
indicate the prevailing inward or upward polarization. The preferential orientation of the
spontaneous polarization is almost parallel to the edge of the image, i.e. to pseudocubic
axes of the substrate. Some areas are also seen with fine and faint straight boundaries at
45° or 135° with respect to the edge of the image. Domains along 45° or 135° with
respect to the edge of the image correspond to the a;-domains, which are along the [010]

direction.
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“vertical”, i.e. out-of-plane PFM response mode and in the (b) *“lateral” PFM
response mode i.e. with contrast sensitive to the horizontal axis of the figure.
Edges of the scanned area are roughly parallel to the pseudocubic axes of the
substrate. The frame indicates the area shown enlarged in figure 6.10.

Figure 6.10. Enlarged portion of figure
6.10 along with the schematic suggestion
of the assigned domain structure.

Mechanical compatibility condition, which ensures mechanical integrity of the
interface (section 2.4.2) helps to understand the geometry of the observed domain
pattern.!® The 180° walls are subjected to the electrical compatibility condition, which

ensures that there are no bound charges on the interface.'™
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An enlarged portion of figure 6.9 along with the assigned domain states is given in figure

6.10. The lines parallel to [100] and [001] indicate 90° ferroelastic walls separating the c-

and a-domains. To have stress free domain wall the c- and a;-domain should be separated

by (101) or (101) type planar walls (90° walls), which intersect the (001) plane of the film

along the [010] direction. Thus the a; ferroelastic domains tend to appear as (010)-

oriented stripes in figure 6.9(b). Thus, comparing the vertical and lateral PFM images, all

the four types of domains formations discussed in section 2.4.1 are seen in figure 6.9,

namely 180° a-a domains, 180° ¢c-¢c domains, 90° a-c domains and 90° a;-a, domains.

Vertical 1

.:[m:l] :m”

Vertical 3

poafl,

=

Late;al 3

Figure 6.11. Vertical and
lateral PFM image
obtained for the 250 nm
thick  PTO/LAO  from
randomly selected
positions.

PFM images collected randomly from different parts of the 250 nm thick PTO

film are shown in figure 6.11. All the images show the presence of c-, a;- and a,-
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domains. Different domain patterns, namely c/a/c/a and aj/ay/a;/a,, are seen with 180° a-

a domains, 180° c-c domains, 90° a-c domains and 90° a;-a, domains.

6.4. IR Data analysis of the 110 nm thick film
The RT reflectance spectra obtained from the 110 nm thick PTO/LAO is

compared with the LAO substrate reflectivity in figure 6.12. This shows clear signature
of PTO thin film even though it is not as prominent as the reflectance spectrum of 250
nm thick film. Special features corresponding to E(TO) modes appear around 80, 210 and
480 cm™. The features due to A;(TO) modes give the small peak near 330 cm™ and dip

near 510 cm™.

1.0 : : . : . :
j 1 Figure 6.12. Comparison of RT
0.8 Y b reflectance spectra of the 110
. / ': , / | 1 nm thick PTO/LAO and the
g 06f J ; / T reflectivity spectra of LAO.
5 L : S Arrows  indicate  special
T 04} / v/ o features corresponding to the
s v E(TO) and A;(TO) modes in
0.2k : \ . bulk PTO single crystal.
i/' ---- Substrate |
0.0 110 nm Film V

0100 200 300 400 500 600 700
Wavenumber (cm™)

6.4.1 Low temperature IR measurement

The low temperature IR measurement gives a better resolved picture of the
phonon modes in the thin film. The low temperature measurements from 300 to 10 K are
given in figure 6.13. The E(1TO) mode around 80 cm™ softens as the temperature reaches

300 K from 10 K. As expected at low temperatures, the peaks are narrower and sharper.
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Figure 6.14 gives the TO frequencies obtained from the low temperature
measurements 10 to 300 K. 11 damped harmonic oscillators are used to fit these
reflectance spectra. It is seen that the TO mode frequencies of the first mode soften from

89 cm™ to 83 cm™ as the temperature increases from 10 to 300 K. This shows the soft

mode.
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The real and imaginary parts of complex permittivity obtained by fitting the
reflectance spectra of the 110 nm thick PTO/LAO from 10 to 300K is given in figure
6.15. As the temperature is increased from 10 to 300 K, the soft mode softens by 6 cm™.
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1 Figure 6.15: (a) Real and (b)
Wavenumber (cm =) imaginary parts of the permittivity
of the 110 nm thick PTO/LAO.
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Temperature (K) all polar phonons for the 110 nm
thick PTO/LAO.

96



Static permittivity given as the sum of ¢, and dielectric strengths of all modes, obtained

for the PTO thin film in the temperature range 10 to 300 K is given in figure 6.16. The Ty

for this film is expected to be higher than T, of the 250 nm thick film as the thinner films

are more stressed.’® Comparing the static permittivities of both the films, it is seen that

the static permittivity of the thinner film is almost half of the thicker film one.

6.5 PFM data analysis

PFM imaging turns out to be more difficult for the 110 nm thick PTO/LAO.

Figure 6.17 shows the PFM image of it.

Magnifude 3

Phdse 2
(7).

V=

P}'ﬂsase 3

Figure 6.17. PFM
images of the 110
nm thick PTO/LAO
@ Vertical
magnitude and
phase in 1.2x1.2
um® sized area (b)
Vertical magnitude
and phase in 0.8x0.8
um? sized area and
(c) Vertical
magnitude and
phase in 0.5x0.5
um? sized area.

Figure 6.17(al) gives the vertical magnitude in 1.2x1.2 um?® sized area. The

corresponding vertical phase image is given in figure 6.17(a2). The beautiful domain

pattern is seen well with small domains. The domain pattern is better resolved by
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zooming this area into 0.8x0.8 um? sized area in figure 6.18(b1) and (b2) and 0.5x0.5
um? sized area in figure 6.17(c1) and (c2). The maximum contrast in vertical PFM image
gives the up and down position of out-of-plane c-domain. The phase PFM image gives

the maximum contrast in a;-domains

6.6 Effective medium approach

A theoretical approximation is done to evaluate the multidomain reflectance
spectra of PTO thin film of different thicknesses using Bruggeman effective medium
approximation and Lichtenecker mixing formula. These approaches are based on the
assumption that the unperturbed dielectric function within each domain is similar to a
single crystal one and that there is no preference for the c-axis orientation. Here the
damping factors of all modes are taken as 25 cm™ as a small damping factor and the ratio
between €11 and €33 is taken as 2:1 as 60-70% are c-domains. The parameters of PTO are
taken from Foster et al. (1993).1%®

The simulated normal incidence IR reflectance spectra of PTO/LAO obtained
using Bruggeman and Lichtenecker mixing formula are given in figure 6.18. It is seen
that the simulated reflectance spectra are similar to the measured reflectance spectra
given in figures 6.2 and 6.12. Comparing the figures 6.18(a) and (b), the difference
between them indicates that the shape of A1(TO) bands is rather sensitive to the effective

medium formula used.
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6.7 Discussion

The IR reflectance spectra of the 250 nm thick PTO/LAO show clear presence of
the E(TO) modes. The A;(TO) modes contribute to the high frequency sidebands. As the
IR reflectance spectra give the modes with in-plane dipole moment and the dipole
moments of A; polar modes are parallel to the spontaneous polarization, it is seen that the
weak A;(TO) modes confirm the presence of a-domains in the film.

Although the PTO/LAO favors the c/a/c/a domain pattern rather than as/aj/ai/a;
at RT, a more complex domain pattern, with all three ferroelastic domain states, is
expected in thicker films, which are known as a second-order poly-twin or cellular
polydomain state.!’? 173

The PFM image shows all three ferroelastic domain states arranged irregularly
over the sample. In figure 6.10 the horizontal lines on the left show the c/a/c/a domain
pattern with alternating sequence of c- and a,-domain pattern. The central part of this
figure shows aj/aj/a;/a, embedded in the c/a/c/a domain. Similar pattern has been
observed previously in a thicker PTO film grown on STO.Y* *® From figure 6.11 it is
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seen that 60-70 % of the scanned area consist of c-domains. Similar pattern of domain
structure has been reconstructed using the computer simulations.*®

The IR reflectance spectra given in figure 6.5 (b) and (c) show the presence of
A:(TO) mode sidebands along with the E(TO) modes. Thus both c- and a-domains are
present in the film. Comparing the mode frequencies obtained for A1(TO) side bands, it is
seen that the mode frequencies are a bit shifted. For instance, the mode frequency of
A1(2TO) is 359 cm™ in PTO single crystal, but for this thin film the mode frequency is
obtained at 336 cm™. Similar shifts in mode frequencies have already been reported in
Raman scattering spectra due to the influence of residual strain.®® ® Since the A; modes
show the presence of a-domains, A;(TO) mode frequencies are influenced by the stress or
strain developed in the a;/a, and c/a domain fraction.

As the IR reflectance gives the overall normal incident response of the film, the
PFM imaging is used as an additional technique to investigate the complex domain
structure in the 250 nm thick PTO film on LAO.
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CHAPTER 7 Poled Lead Zirconate Titanate

7.1 Introduction

The search for ferroelectric materials with piezoelectric properties lead to the
processing of lead zirconate titanate PbTixZr;«O3 (PZT) from the solid solution of lead
titanate (PTO) and lead zirconate (PZO). PZT is widely used in transducers, sonar,

medical therapy, actuator applications, capacitors, FRAM, etc.'’”

The anisotropy of the
ceramic perovskite PZT grains is not well understood as the material is not readily

available in the single crystal form.

Lattice Parameters

In PZT the Ti and Zr ions occupy the ‘B’ sites randomly, giving perovskite
structure as seen in figure 1.3. The lattice parameters for PZT around morphotropic phase
boundary (MPB) for x =0.48-0.50 are given as a; = 4.044 A, ¢, = 4.138 A in the tetragonal
phase at RT.}"®

Phase Transition
The phase diagram for PZT was first proposed by Jaffe, Cook and Jaffe (1971) as
given in figure 7.1.%" For concentration of x = 0.48-0.50, is the region of MPB where the

%% There is a

adjacent phases in the phase diagram have equal Gibbs free energy.
coexistence of tetragonal and rhombohedral phase at this concentration. The tetragonal
phase has space group P4mm, with the polar axis along [100] and rhombohedral phase
has space group R3m, with polar axis along pseudocubic [111] direction. The PZT
samples near MPB are quiet interesting as they exhibit higher dielectric permittivity,
piezoelectric coefficient, electromechanical coupling coefficient, and remanent
polarization.**>*>’

In tetragonal phase the domains in PZT can be aligned in six possible directions
namely with 90° and 180° domain walls, while in rhombohedral phase, as the distortion is
along body diagonal, the domains can be aligned in eight domain states with 180°, 109°

and 71° domain walls as seen is figure 2.12.
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PZT phase diagram is discussed especially near MPB also due to the presence of
monoclinic phase as reported by Noheda et al. (1999).1¢®

Hard and Soft PZT

The chemical properties of ferroelectric PZT are highly dependent on doping.
Thus PZT can be classified as hard and soft PZT based on the doping and corresponding
vacancies. Hard PZT is formed by acceptor-doped system creating oxygen vacancies
while soft PZT is formed by donor-doped system creating lead vacancies. As compared
to soft PZT, the hard PZT has lower permittivity, lower piezoelectric coefficient, it is
difficult to pole, and shows lower resistivity, lower losses, strong aging and is
mechanically harder."

7.2 Samples used

The samples were commercially available from American Piezo Ceramics
International Ltd., Mackeyville, PA, USA, as 14x7x1 mm? sized plates. These included
hard (APC 840, APC 841 and APC 880) and soft (APC 850 and APC 856) poled PZT
ceramics. These samples had Ti concentration near the MPB (x = 0.48-0.52). The
samples were poled at Piezokeramika s.r.o., Librice, Czech Republic, with electric field
applied along the plate length and parallel to the plate main surfaces. One main surface
was then repolished by SiC (grits 400, 600, 1000 and 1250) and by CEROX 1650.
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Images of hard PZT APC880 and soft PZT APC850 taken by a tabletop electron

microscope are given in figure 7.2.

Hard PZT APC880 Soft PZT APCS50
Figure 7.2. Grains observed in (a) hard PZT APC880 and (b) soft PZT APC850.

7.2.1 Poling

Poling is the process of aligning different domains in same direction by a strong
electric field. Depoling is the process of applying some external force like stress,
temperature, etc. to remove the effect of poling. Figure 7.3 shows the process of poling
and depoling.

Poling is used to produce single-domain crystals with uniaxial pressing to remove
the orthogonal (90% domains and then electric field poling to remove the antiparallel
(180°% domains like in BTO.™®" The mechanical poling is done by slowly applying a
uniaxial pressure to the crystal, while observing the 90° domains in it. By repeating the
process alternatively at 90°, the domains will be aligned in the third direction, along the
c-axis. To remove the antiparallel 180° domains, a DC field in (001) direction is applied,
which gradually aligns the polarization in one direction forming a single domain
crystal.*®
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The poling process tries to induce domains in the direction of applied electric
field with the lowest possible field, at a temperature close to RT in shortest possible time.
For soft PZT, at RT, poling at a field larger than the coercive field is adequate to reach
full polarization. For hard ferroelectric ceramics, moderate poling conditions are not
adequate due to the pinning of domain walls due to defects. Depinning of the domain
walls can be done by applying a high temperature and high periodic electric field before
normal poling or by quenching from a high temperature where the samples have high

piezoelectric properties. 12 130. 131

7.3 IR Measurements

Using the IR spectroscopy measurements we attempted to study the anisotropy in
the phonon spectra introduced by poling the PZT sample. IR measurement is most
appropriate direct technique for studying the strong polar modes as the mode strengths
are directly proportional to the square of the associated dipole moment.

Figure 7.4 gives the RT reflectivity and Im[1/¢] spectrum obtained from the KKR
analysis of hard and soft PZT, with the IR polarization parallel and perpendicular to the
poling direction. The reflectivity spectra of PZT, as expected for the lead based
perovskites have three main bands originating from the Last, Slater and Axe-type
vibrations as described in section 1.2. The broad dip near the 350 cm™ is considered as
the fourth band, which arises either due to the Zr-Ti short-range order on the ‘B’ site

perovskite position® ®, or due to the E- A; splitting of the TO2 Slater mode 21317817,
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In figure 7.4(a) the anisotropy introduced by poling in hard PZT is visible by
comparing the reflectivity spectrum (black and red lines) obtained when the IR
polarization is along and perpendicular to the poling direction. This anisotropy is well
observed near the dips around 150 cm™ and 430 cm™, which correspond to the LO1 and
LO2 bands. Similar shifts are observed when the polarization is parallel and

perpendicular to the poling direction in soft PZT as seen in figure 7.4(b).

Reflectivity

Figure 7.4. RT reflectivity and
Im[1/e] spectrum from KKR
analysis of (a) hard PZT (APC
840) and (b) soft PZT (APC 850)
1 samples. Solid (dashed) line
ORI G Loty W) stands for the polarization
100 200 300 400 500 600 70 perpendicular (parallel) to the
Wavenumber [cm"] poling direction.

Reflectivity

0.0

The minima observed when the polarization is parallel are higher than the minima
when the polarization is perpendicular. This can be understood in the context that the
poling introduces anisotropy and when polarization is parallel, it corresponds
preferentially to Asj-spectra and for polarization perpendicular, it corresponds
preferentially to E-spectra. In a poled ceramics, even a perfect poling cannot obtain the
intrinsic E and A; spectra. The spectra when the electric field is parallel to the
spontaneous polarization would probe the intrinsic A; modes and the A; mode frequencies

are usually higher than the corresponding E modes.?
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To understand the anisotropy introduced by poling, the response function Im[1/g]
was calculated using Kramers-Kronig relation (KKR) as given in section 3.3.3.3. Since
the peaks in Im[1/e] spectra give the LO bands, the shift in LO frequencies are estimated
to be around 5-10 cm™ for both the LO1 and LO2 in figure 7.4. Although this quantity is
obviously smaller than the full magnitude of the intrinsic microscopic A:-E splitting, this
might be used to measure the poling degree.

IR reflectivity spectrum obtained on the unpolished side of the poled sample is
given in figure 7.5. It is observed that the anisotropy introduced by poling is barely
dependent on mechanical polishing. The decrease in the intensity of reflectivity spectrum
in figure 7.5 is due to the fact that the reflected light from the rough sample surface is

partially scattered and not observed by the detector.

1.0— . . . . :
0.8 Hard PZT 840 T
E_ILP, |
o6l |\ /N
ks
& 0.4t . .
Figure 7.5. RT reflectivity
09k spectrum of Hard PZT
APC840 from the unpolished
. . . . . . side. Solid (dashed) line
0056200 300 400 500 600 700 stands  for  polarization
Wavenumber (cm™) perpendicular (parallel) to

the poling direction.

The real and imaginary part of the permittivity spectra of hard PZT APC 840 is
shown in figure 7.6. Since maxima in the loss function should correspond to the TO
mode frequencies in an ideal crystal, the bands below 100, near 200 and 530 cm™' are
associated with the TO1, TO2, and TO3 modes in the poled ceramics. The up-shift for the
TO2 and TO3 recorded with polarization along the poling direction is about 7 cm ™' and 5
cm”!, respectively. The intensity redistribution in the poled ceramics is also associated
with the high-frequency side peaks, which show close resemblance to the A; like parts of
the TO2 and TO3 bands.?® Such intensity redistribution also makes the poling-direction

spectrum closer to the one theoretically given by the A; modes. This kind of intensity
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redistribution behavior is typical for the case when the A;-E splitting is larger than the
mode damping, while the simple frequency shift is expected when the microscopic A:;-E

components are overlapping.

1000 T T T T T T T T T T T T
600 ;
TO1 1600
800+
400-
w 4500
600+ e
200 TO2
400 | . Tos | 7400
e 10 100 . “iooo] &
Wavenumber (cm”)

200 | 1300

091/ 200

Y Figure 7.6. Real and imaginary
-2004 | ATO2 1 part of dielectric spectrum of hard

o A 4100 PZT (APC840) from KKR analysis.
Solid (dashed) line stands for
polarization perpendicular
(parallel) to the poling direction.
. Inset shows the loss function with
Wavenumber (cm") logarithmic scale for the wave
number axis.

-400-] k\‘/} i TO3

— T 0
0 100 200 300 400 500 600 700

7.3.1 Temperature Measurements

The sample was heated to high temperature; up to 675 K, into the paraelectric
phase and the corresponding reflectivity spectra were recorded. To study the effect of
depolarization, the poled sample was heated with the IR polarization parallel to the poling
direction. Figure 7.7 shows these high temperature reflectivity spectra. They show shift in
the spectral minima as the temperature increases. This corresponds to the lowering of the

LO mode frequencies as the temperature is increased.
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Figure 7.7. Temperature
dependence of IR
reflectivity spectrum of a

poled hard PZT
(APC880) for light
polarized along the
poling  direction at

several temperatures on
heating.

Figure 7.8 gives the temperature dependent LO2 mode positions as the sample is

heated and then cooled. As the specimen was heated above the PT temperature (=To =

580 K), the cooling spectra will be depolarized. After the depolarizing experiment, at RT,

the LO2 mode position is shifted almost by 8 cm™ as seen in figure 7.8 (inset).
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Figure 7.8. Temperature
dependence of the LO2
band position obtained
from fitting of Im[l1/e]
spectra. Inset: Im[l/e]
spectrum of a hard PZT
(APC880)  for light
polarized along the poling
direction at T = 300 K in
the heating and cooling
sequence.
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The temperature dependent conductivity spectra goem show the temperature

evolution of the effective TO bands in figure 7.9. Here, a similar though less pronounced
permanent shift in TO bands (w.r.t that of the originally poled specimen) has been
noticed, too.

7.4 Raman Measurement

Raman spectra were obtained for the PZT specimen in the range of 100-2000 cm’

! ‘as described in section 3.4.1, using the 514.5 nm Ar-laser line focused to a 2-3 um
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Raman Intensity LO3
15000
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%;oooo — Figure 7.10. Comparison
s 0= of the RT optical
3 E conductivity (left scale),
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fo S A(TO2) Raman spectra (arbitrary
intensity units) for light

;Jot L P larized al th li

ok o b oo — polarized along the poling

Wavenumber (cm™)
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sized spot. The Raman spectra are compared with the conductivity and response function
obtained from IR measurements in figure 7.10. Similar discrepancy in the IR and Raman

mode positions is common in many lead-based relaxor.? 8

7.5 Discussion

The considerable local dielectric anisotropy of ferroelectric ceramics like PZT has
to be taken into account when analyzing their reflectivity spectra®, since poled PZT
ceramics have wide applications. The effect of poling is pronouncedly seen in the case of
LO2 band frequency where the shift observed in the poling direction is around 5 to 8 cm’
! Similar frequency up-shifts are observed also in the case of LO1, TO2 and TO3 bands.
Here intensity redistribution occurs in the case of TO2 and TO3 bands. Since the actual
reflectivity spectra are not reliable at low frequency, the frequency shift of lower TO1
mode could not be estimated.

Because the dielectric response should depend only on the direction of the local
polar axis but not on the sense of the spontaneous polarization the changes in the
macroscopic dielectric anisotropy probed in IR experiments testify the displacement of
the 90° (twin) domain walls in the poling and depoling process, while the arrangement of
the eventual 180° domain wall system does not contribute here at all.

Comparing the reflectivity spectra of poled PZT, given in figure 7.4, with the
PTO ceramics in figure 4.3, both reflectivity spectra have the basic Last, Slater and Axe
modes. However the PTO ceramics shows some differences as compared to already
measured PTO ceramic reflectivity spectra.*”’® The poled PZT shows smooth
reflectivity spectra as compared to the PTO ceramics. Comparing the permittivity, PZT
has higher static permittivity than PTO ceramics. From the loss spectra it is seen that the
PTO ceramics have parameters very close to those obtained for PTO bulk by Foster et al.
(1993). Table 7.1 gives a comparison between E(TO) and E(LO) modes obtained for
PTO single crystal, PTO ceramics and PZT.

The effect of poling is well studied by comparing the E(TO) and E(LO) mode
frequencies. A frequency difference up to 4-11 cm™ has been introduced in PZT due to
poling. The Ps parallel to poling direction has always higher frequency than the

corresponding frequency when the Ps is perpendicular to the poling direction.
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PTO single PTO ceramics Hard PZT Hard PZT
crystal (Foster Ps || poling Ps_|_poling

et al. 1993)
E(TO1) 87.5 76 28 19
E(TO2) 218.5 202 199 195
E(TO3) 505 494 532 524
E(LO1) 128 125 129 125
E(LO2) 440.5 436 427 416
E(LO3) 687 689 700 692

Table 7.1: Comparison between E(TO) and E(LO) mode frequencies obtained for PTO
single crystal by Foster et al. (1993), PTO ceramics, and hard PZT with Ps parallel and
perpendicular to poling direction from present work.

Comparing the mode frequencies of PTO ceramic and PZT, it is seen that PTO
ceramics have higher frequencies than for PZT except for E(TO3) and E(LO3). The same
observation is also valid for comparison between PTO single crystal and PZT.

The Raman study shows that frequency shifts in PZT ceramics can be ascribed to
the dynamical inhomogeneous depolarization fields, given by the dynamical charges
located on nodal planes of the corresponding phonon wave. The distance of such nodal
planes, determined by the scattering geometry, incident photon momentum, and
momentum conservation condition, is typically of the order of few hundreds of
nanometers. Rotation of the optical axis of the phonon-frequency dielectric tensor at the
twin walls should lead to additional inhomogeneous depolarization fields, comparable to
those experienced by the very long wavelength polar phonons probed by IR experiment.?
If so, then it is not only the light propagation through the inhomogeneous medium, the
angular averaging of the scattering by oblique modes on arbitrarily oriented crystallites
and eventual confinement effects, but also these complex inhomogeneous depolarization
field effects what might contribute to the observed Raman spectral features in these

materials.®!

Publication Related to this work:-

E. Simon, J. Hlinka, S. Kamba, I. Gregora, J. Erhart, Influence of poling on far-infrared
response of lead zirconate titanate ceramics. J. Appl. Phys. 106 (2009) 074104(1) -
074104(5).
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CHAPTER 8 Conclusions

This work is mainly focused on lead-based ceramics, thin films and PZT, and the
aim was to study their lattice dynamics, phonon modes, and domain structure. Different
experimental techniques like IR spectroscopy, Raman spectroscopy and PFM imaging
have been used extensively throughout this work. Effective medium approximation
including the Bruggeman effective medium approximation, Lichtenecker mixing formula
and Arlt and Peusens model approximation gives a theoretical background for the
experimental results. The results obtained can be concluded as follows:

e The imaginary part of permittivity obtained for PTO ceramics, poled PZT

ceramics and 250 nm thick PTO/LAO film is given in figure 8.1.
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Figure 8.1 shows close resemblance to the peak positions obtained for PTO
single crystal by Foster etal. (1993)*, In all three cases the obtained spectra
have overlapping of E- and A;-mode components. The presence of E(TO) modes
give evidence for c-domains and A1(TO) mode sidebands give evidence for the

presence of a- domains. The imaginary part of permittivity obtained for PTO thin



film on different substrates namely LAO, LSAT, MgO, NGO and STO also
shows the presence of domains based on their in-plane strain.

The fitting parameters obtained for PTO ceramics, PTO thin film and PZT using
3-parameter model and 4-parameter model and KKR give all the E and A; modes
positions as expected by PTO single crystal. A slight shift in the mode positions
can be explained as a result of domain formation and residual stress.®® %4 14 The
additional bands other than the E and A; modes in PTO ceramics are originating
from the geometric resonances due to the domain structure, probably related to
the strain-compensation ferroelastic twinning.®’

Presence of domains is confirmed in PTO ceramics and thin films. As expected,
in thicker thin film, domain patterns including all three ferroelastic domain

state 172, 173

are seen. PFM images show that these a-domains are located in
qualitatively different environments, in particular, as a part of both c/a/c/a and
ai/alai/a, type structures. PFM images also demonstrate the presence of the 180°
walls between the outward and inward oriented c-domains. Finally, IR reflectance
spectra revel considerable broadening and shifts of A; vibrational bands
originating from a-domains. The geometric resonances give evidence of a-type
of domain configuration with 90° twin domains in PTO ceramics .¥’

As the PTO ceramics and thin films have complex domain structure, the
theoretical model helps to obtain dielectric function using the parameters on PTO
single crystal. Different approximations made in the case of Bruggeman effective
medium approximation, Lichtenecker mixing formula and Arlt and Peusens
model allow appreciating the differences in the reflectivity spectra.

Poling introduces anisotropy on dynamics of polar lattice modes in PZT ceramics.
The observed changes are predictable and detectable, so that the IR spectroscopy
technique can be used for quantitative studies of poling and depoling processes in

PZT ceramics.

PFM microscopy images allow to get local insight in the complex nanodomain
structure with all six tetragonal ferroelectric domain states and both 180° and 90°.
IR reflectance measurements could serve as a very useful complementary tool for

investigation of multidomain ferroelectric thin film because the typical probing
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surface is about 10 mm? so the good special averaging is naturally ensured by this

technique.

115



116



CHAPTER 9 Future Works

There are number of other interesting issues that appeared during this work but were
left for future investigation. These includes, in particular:

e Detailed studies on the domain structure of PTO/MgO films (Figure 5.8).
This may be interesting as the MgO substrate is transparent below 100 cm’
! _ the IR transmission spectra along with the reflectance spectra may help
to get a better picture about the domain state.

e Detailed studies on the domain structure of PTO/STO films It can be
interesting as the misfit strain for the PTO/STO is comparatively lower
(table 5.3) than the magnitude MgO and it allows to grow films on
substrates with different crystallographic orientations. Certainly, these
domain structures on these films would reflect the substrate
crystallographic orientation.

e Detailed studies on the domain structure of films on conductive substrates.
Doping of STO(111) with 0.5 % Nb makes the substrate conductive. The
effect of conductive substrate on domain formation can be thus studied.

e Detailed studies on the domain textures in PZT single crystals. In PZT,
near the MPB, the tetragonal phase can have 6 possible domain states and
rhombohedral phase can have 8 possible domain states. As the PZT is
poled, the domains can have at least 14 possible directions in MPB region.
It will be interesting to investigate the domain structure near the MPB
using PFM and Raman techniques. Literature shows the PFM images of

domains in PZT®

and possible domain states in poled PZT are discussed
by Park and Shrout (1997)*¥, but the data obtained in ceramics samples
are difficult to interpret. The PFM imaging of poled PZT single crystals
could be of great interest for understanding various previous experiments
and it can be helpful for improvements of functional properties of this

important piezoelectric ceramic material.
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In summary, it was shown in several ways in this thesis that domain structure of
lead-based perovskites does significantly influence their phonon spectra and that this
influence can be well understood. Therefore, we can generally conclude that
spectroscopic techniques used for studying of polar lattice vibrations, such as IR
spectroscopy, are sensitive to the domain structure of ferroelectric perovskites.

The domain-structure related effects are typically rather faint in their magnitude
but with the gradual improvements of the experimental precision, they should be more
and more easily accessible for measurements and analysis. The outcome of the few cases
studied here in detail indicates that many more domain structure related effects are yet to
be uncovered. Therefore, these techniques have a real potential to be used in future as

tools for revealing the information about their domain structure.
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