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Abstract

This work aims to compare the optical and acoustic phonon properties between ce-

ramic PST and previously studies crystalline PST, as such a study has never been

performed. If easily fabricated ceramic PST has similar phonon properties to crys-

talline PST, it can serve the same purpose in industrial applications.

Inelastic light scattering experiments were performed on lead scandium tantalate

to probe acoustic and optical phonons in the material. Brillouin scattering exper-

iments were performed at room temperature using a 180◦ backscattering geometry.

Two peaks were observed in spectra, at shifts of ∼25 GHz and ∼44 GHz, which were

independent of angle of incidence. These peaks were determined to be due to the

longitudinal and transverse bulk modes, respectively. Using the average frequencies

of these peaks, the velocities of these modes were calculated, and subsequently elastic

constants c11, c44, and c12 were calculated. Brillouin light scattering experiments per-

formed on a lead scandium tantalate ceramic with a 40 nm aluminum coating yielded

an additional Brillouin peak that was not observed in uncoated experiments which

may be due to the Rayleigh surface mode.

Raman light scattering experiments were performed on lead scandium tantalate

at room temperature and temperatures ranging from 200◦C to 1200◦C. Four Raman
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peaks were observed at room temperature, at shifts of ∼45 cm−1, ∼220 cm−1, ∼350

cm−1, and ∼825 cm−1, the strongest of which determined to be due to an F2g mode.

At high temperatures, the intensity of the latter three peaks became significantly

weaker, with the F2g mode frequency increasing at temperatures ranging from 200◦C

to 550◦C. At temperatures ranging from 550◦C to 900◦C, there was very little change

in the position of the peaks between spectra. For temperatures above 900◦, only the

F2g mode was observed. In these spectra, the peak frequency shift was higher, and

its intensity significantly decreased compared to other high temperature spectra.
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Chapter 1

Introduction

1.1 Lead Scandium Tantalate

Lead Scandium Tantalate, PbSc 1
2
Ta 1

2
O3, (hereafter referred to as PST), is a perovskite-

like ferroelectric crystal, following the perovskite-like structure AB′xB
′′
1−xO3 [1]. PST

is typically observed in a cubic phase with atomic lattice spacing of a0 = 4.074 Å at

standard conditions [2], however PST exhibits rhombohedral symmetry at very low

temperatures [3].

There is a coexistence of ferroelectric and magnetic phase transitions in PST

[1, 3, 4, 5]. PST undergoes this first order ferroelectric phase transition at 286 K [6].

PST exhibits high electrostriction and a diffuse phase transition, where composition

fluctuation leads to large fluctuation in the dielectric constant [7]. The random dis-

tribution of two crystallographically equivalent B site cations, Sc3+ and Ta5+, is the

cause of diffuse phase transitions, transitioning PST into its ferroelectric phase [5].

PST has gained increasing attention in recent years due to its applications in

1
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capacitors, actuators, and pyroelectric detectors [8, 9].

One of the interesting characteristics of PST is its order-disorder properties; the

presence or absence of some space group symmetry. Disorder in the material comes

from interchangeability of the B-site cations, Sc3+ and Ta5+. For a perfectly ordered

crystal, where the order parameter S = 1, the position of the B-site cations within

a unit cell is constant for all unit cells. As the material becomes disordered, and S

→ 0, the positioning of the B-site cations differs between unit cells, becoming more

random. A schematic showing the difference between ordered and disordered crystals

is shown in Figure 1.1. Due to the size and charge of the B site cations, PST may

be ordered or disordered upon fabrication [5]. The degree of order is determined

from the occupation factor of Sc and Ta atoms [10] and may be characterized by

Raman scattering and x-ray diffraction [5]. The ordering process is characterized by

the appearance of superlattice peaks in XRD spectra due to doubling of the lattice

parameter (2a0 × 2a0 × 2a0) in the cubic cell [3, 5, 6].

Disorder is introduced by annealing PST at high temperatures, below the sintering

temperature, typically around 1800 K, and the amount of disorder is determined by

the annealing time [2, 11]. Once disorder has been obtained, PST may be cooled

without transitioning back to order. This means that it is possible for PST to exist

with different degrees of order at the same temperature [6, 12]. For example, consider

two PST samples from the same parent crystal with the same order parameter S.

Both samples are annealed at the same temperature for different times, such that

the order parameter S is different for each sample. Both samples are cooled to room

temperature at the same rate. After this process, these samples will maintain their

disorder, and thus will have different order parameters at room temperature. From
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Ordered

Disordered

Figure 1.1: Schematic of ordered and disordered crystal cells in 2D. Black and white
circles correspond to different B-site cations.
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room temperature, a disordered crystal may be ordered by annealing at temperatures

around 1200◦C for long periods of time.

Ordered and disordered PST exhibit different properties. For example, disordered

PST exhibits a diffuse phase transition near 270 K whereas ordered PST exhibits a

discontinuous phase transition around 300 K [3, 13]. The phase transition tempera-

ture increases with increasing degree of order [14].

Samples of PST used in this study are polycrystalline ceramics. These ceramics

are formed from sintering of crystalline powders. Polycrystalline ceramics consist

of crystalline grains with different directionality. Due to the random directionality

of the grains, these ceramics are isotropic in nature, and therefore light scattering

experiments can be performed at any angle of incidence. Furthermore, it is not only

the B-site cations that are disordered, but also the Pb and O atoms due to the random

orientation of the polycrystalline grains that make up the ceramic.

Due to the interesting nature of order and disorder in PST, there have been several

studies exploring these properties in PST. The degree of order in PST is commonly

characterized by Raman scattering or x-ray diffraction. In the following studies, these

techniques were used to characterize PST during ordering and disordering processes.

In a study by Stenger et al, the ordering of trivalent (Sc3+) and pentavalent (Ta5+)

ions was observed in PST [2, 15]. Using x-ray diffraction at room temperature, Stenger

et al. showed that PST exhibited cubic symmetry, even after annealing at ∼1000 ◦C.

From x-ray diffraction, superstructural lines (weak diffraction peaks between stronger

peaks due to an additional structure superimposed into the crystalline structure)

were observed on the onset of ordering of Sc3+ and Ta5+, increasing in intensity with

annealing time. Stenger et al. observed the coexistence of ordered and disordered
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regions. PST was partly ordered at 1450 ◦C and disordered at 1500 ◦C, suggesting

that the order-disorder temperature is somewhere in between.

Similar to Stenger et al. [2, 15], Setter et al. [11] used x-ray diffraction to ob-

serve order-disorder phenomena in PST crystals, ceramics, and powders. Disorder

was introduced into PST samples by heating samples between 1400 ◦C and 1560

◦C. This produced superlattice reflections in x-ray diffraction corresponding to half-

integer spacing of the disordered structure. For disordered PST, the (111) and (311)

superlattice peaks were significantly stronger in intensity than the fundamental peaks.

Wang et al. [5] observed the ordering and disordering processes of PST crystals

and ceramics. These processes were characterized quantitatively by x-ray diffrac-

tion and qualitatively by Raman spectroscopy. In this study, as-grown PST crystals

showed a large degree of order, with the order parameter S ranging from 0.6 - 0.8,

varying between the surface and the bulk. For ordering PST ceramics, very long an-

nealing times were required at temperatures ranging from 1000◦C - 1300◦, and higher

annealing temperatures, with very low lead loss in the samples. Wang et al. observed

a sharpening of the peak at 355 cm−1 as the sample became more ordered.

From the results provided by Wang et al. [5], PST calcinated powder normally

has a high degree of order. Wang suggests that order is more easily obtained in PST

crystals grown at low temperatures due to this high degree of order. As with the

ceramics, the degree of order measured varied from the surface to the interior of the

samples. Finally, Wang et al. concluded that ceramics with lower vacancy content

required higher annealing temperatures and longer times for ordering. This means

that samples with weight loss are ordered more easily; lead vacancies aid in B-site

reorientation. Furthermore, oxygen vacancies also aid in B-site reorientation. PST
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ceramics with nearly zero lead loss require extremely high temperatures for ordering.

1.2 Brillouin Light Scattering on Lead Scandium

Tantalate

Though PST has garnered more attention in recent years, there are very few studies

of elastic properties that have been performed. In fact, there have been only four

Brillouin scattering studies performed on PST, and of these, none were on ceramic

PST. The four Brillouin scattering studies that have been completed are described

below.

In a study by Jiang et al. [16], Brillouin light scattering experiments were per-

formed on disordered [001] PST platelets at temperatures ranging from 83 K - 873 K.

In this study, the only observed acoustic phonons were longitudinal bulk modes. Data

for longitudinal mode frequency shift was plotted against temperature and showed a

minimum in Brillouin shift at 245 K. This minimum in frequency shift coincided with

a maximum in Brillouin peak width, and a sharp maximum in dielectric constant at

this temperature. From this, Jiang et al. determined the relationship between elastic

constant c33 and temperature. The room temperature value for longitudinal phonon

velocity was 4.33×103 m/s in the [001] direction, and the corresponding value of c33

is 17.3 × 1010N/m2.

The central peak of the Brillouin spectrum of [100] oriented PST crystals was

examined by Lushnikov et al. [17] for temperatures ranging from 80 K - 500 K.

In this work, it was determined that the central peak of the Brillouin spectrum

consisted of at least two parts. The first component was attributed to elastic light
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scattering, and the other components due to quasielastic light scattering from the

crystal. Lushnikov et al. also observed a longitudinal bulk mode peak at 45.76 GHz,

and an additional feature, the shape of which can be described by the Voigt function

at 16 GHz. Longitudinal peak intensity increased with increasing temperature up

to 290 K, where there was a sharp anomalous spike. At 290 K, full width at half

maximum of this peak exhibited an anomalously low value. At temperatures greater

than 290 K, peak intensity decreased with increasing temperature as full width at

half maximum increased.

Fedoseev et al. [1] performed Brillouin scattering experiments on PST crystals in a

temperature range of 80 - 500 K. For all spectra collected with an incident light wave

vector parallel to the [100] direction of the crystal, only longitudinal acoustic modes

were observed at ∼45 GHz. For experiments with the incident light wave vector

parallel to the [111] direction, quasi-longitudinal and quasi-transverse acoustic modes

were observed at ∼ 45 GHz and ∼25 GHz. There were no surface modes observed

in these experiments. Fedoseev et al. plotted bulk phonon velocity, full width at half

maximum, and integrated intensity against temperature. The velocity of the phonons

studied varied smoothly over the wide temperature range, showing a minimum at 280

K. Full width at half maximum and integrated intensity of the bulk mode peak showed

weak anomalies at 297 K. Fedoseev et al. compared their results to data collected for

lead magnesium niobate, PMN, another relaxor ferroelastic crystal. Both materials

showed similar temperature dependence of elastic constants c11 and c44, whereas the

behavior of elastic constant c12 was qualitatively different. Where PMN shows a

maximum in c12 near the diffuse phase transition, PST shows a minimum.

Brillouin light scattering experiments were performed on highly disordered PST
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by Pietraszko et al. [10]. These experiments were performed at room temperature on

a PST platelet with a [111] orientation. Unlike Fedoseev et al. [1], these experiments

only found peaks due to longitudinal bulk modes. There were no transverse bulk

or surface modes present in Brillouin spectra. The Brillouin frequency shift of the

longitudinal acoustic mode was recorded to be 44.8 GHz, and consequently its velocity

was calculated to be 4742 m/s. Pietraszko et al. also reported a room temperature

elastic constant of c[111] = c11 + 2c12 + 4c44 = 203 GPa.

1.3 Raman Light Scattering on Lead Scandium Tan-

talate

Although Raman scattering is a useful tool for characterizing the degree of order of

PST, there have been very few Raman scattering studies performed on PST. Bismayer

et al. [14] performed Raman spectroscopy experiments over a temperature range of 102

K - 873 K. These experiments were performed on both ordered and disordered PST.

Ordering was obtained by annealing at 975 K over several hours, while disordering

was obtained by annealing at 1650 K for 20 minutes while preventing significant Pb

loss. In the Raman spectra for the high temperature phase of ordered PST, there

were four prominent bands present, with shifts of 61 cm−1, 240 cm−1, 370 cm−1, and

830 cm−1. There were also two weak bands near 150 cm−1 and 540 cm−1. Bismayer

plotted the variation of the integrated intensity, full width at half maximum, and

squared frequency of the 61 cm−1 peak as a function of temperature. In the range of

102 K - 305 K, the squared frequency of the 61 cm−1 peak decreased linearly with

temperature. At higher temperatures, the squared frequency and integrated intensity
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of this peak was found to be independent of temperature.

Mihailova et al. performed polarized Raman scattering experiments on PST and

PMN crystals at temperatures ranging from 160 K - 490 K [18]. Using group theory,

Mihailova identified all Raman active and IR active modes in PST and PMN. Raman

scattering experiments were done and peaks due to all Raman modes were identified

in spectra.

In a subsequent study by Setter et al. B-site ordering was observed in PST samples

using Raman scattering techniques [19]. By comparing their Raman scattering results

to XRD spectra, it was determined that the peaks found in Raman spectra are not all

equally affected by disorder. Furthermore, it was observed that the intensity of the

Raman peak occurring at 365 cm−1 decreased with B-site disorder. The linewidth of

the 365 cm−1 peak was considered the Raman order parameter for PST in this study.

In an experimental study by Mihailova et al. XRD and polarized Raman spec-

troscopy were performed on PST crystals and powders [20]. Modes observed in Raman

spectra varied between parallel polarization and cross polarization [20]. Four modes

were found in parallel polarization, located at 53 cm−1, 77 cm−1, 240 cm−1, and 830

cm−1, whereas three peaks were found in the cross-polarized spectra, located at 300

cm−1, 355 cm−1, and 830 cm−1. The lowest frequency peak in the parallel polarized

spectra was determined to be due to the F2g mode in PST. This peak became weaker

in intensity with increasing temperature, as this mode is involved with the structural

phase transition at low temperatures. Furthermore, it was shown that the intensity

of the mode found at 240 cm−1 decreases rapidly with increasing temperature.

As a complement to their Brillouin scattering experiments, Lushnikov et al. [17]

performed Raman scattering experiments on PST at temperatures ranging from 80
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K - 500 K. As with their Brillouin scattering work, they observed two components

in the central peak of their Raman spectra, corresponding to elastic and quasielastic

scattering. A peak was also observed in these spectra around 50 cm−1. The intensity

and full width at half maximum of the 50 cm−1 peak increased with a decrease in

temperature.

1.4 Motivation

PST has garnered an increasing amount of attention in recent years. Although there

have been a small number of Brillouin scattering and Raman scattering studies on

PST crystals, there have been no such studies on ceramic PST. With this work, we

will compare the phonon behavior and elastic properties of ceramic PST with PST

crystals at room temperature. Furthermore, although PST has been used as a thermal

detector [8, 21], there have been no studies of optical phonon behaviour in PST in

the high temperature regime. Therefore, Raman light scattering experiments were

also performed at temperatures ranging from 200◦C - 1200◦C.

This work aims to compare the acoustic and optical phonon properties of ceramic

and crystalline PST. While the motivation behind this work is primarily scientific, a

greater understanding of the phonon dynamics in ceramic PST, and how it compares

to that in its crystalline counterpart, can lead to industrial applications which have

typically used crystals [8, 9]. If easily fabricated ceramics can serve the same purpose,

large crystals will not need to be grown for industrial application.
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1.5 Scope

The research presented in this thesis consisted of inelastic laser light scattering studies

of ceramic PST. Brillouin spectroscopy was used to explore the elastic properties of

ceramic PST at room temperature. Acoustic phonon frequencies found from Brillouin

spectra were used to calculate phonon velocities, and subsequently elastic constants

c11, c12, and c44. Brillouin light scattering experiments were also carried out on a PST

ceramic sample with a 40 nm aluminum coating in an attempt to identify surface

acoustic modes. To date, surface modes have not been observed in PST crystals or

ceramics. Raman spectroscopy experiments were also performed on PST ceramics

at room temperature and high temperatures to investigate optical phonon behaviour

over a wide range of temperatures.



Chapter 2

Theory

2.1 Phonon Dynamics

In a crystal lattice, atoms are constantly vibrating about their equilibrium positions.

When atoms vibrate with the same frequency and phase as each other, the result is

a phonon, called a normal mode [22]. To discuss normal modes, it is easiest to begin

by considering a one dimensional chain of atoms.

Consider a chain of atoms, each of mass M , separated by springs with spring

constant K and equilibrium distance a. The motion of this system is described by

the equation

M
∂2u

∂t2
= K(um+1 − um) +K(um−1 − um) = K(um+1 − 2um + um−1) (2.1)

where um is the displacement of the mth atom with respect to its equilibrium position

[23], given by

um = Ueikma−iωt (2.2)

12
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where U is a constant, k is the wave number, ω is the angular frequency, and t is

time. By substituting Equation (2.2) into Equation (2.1), the solution for frequency

is

ω = 2

√
K

M
sin

(
ka

2

)
. (2.3)

The solution given by Equation (2.3) has two defining characteristics. First, for small

values of k, ω is proportional to the absolute value of k. The slope of the dispersion

curve in the low k region is dω/dk = a
√
K/M = v [23], where v is the speed of

phonon propagation in the material. The second characteristic of this solution is that

it repeats periodically as a function of k, such that the period is equal to 2π/a, the

side length of the first Brillouin zone.

Expanding on the previous example, we now consider a diatomic chain of atoms

with an ABAB pattern, with masses M1 and M2. The equations of motion for this

system are

M1
∂2u1
∂t2

= K(um2 − 2um1 − um−12 ) (2.4)

M2
∂2u2
∂t2

= K(um+1
1 − 2um2 + um1 ). (2.5)

Since there are now two equations of motion, there are two solutions for frequency.

These solutions are given by [23]

ω(k) =
√
K

√√√√M1 +M2 ±
√
M2

1 + 2M1M2 cos(ka) +M2
2

M1M2

. (2.6)

The solutions to Equation (2.6) are shown in Figure 2.1. The two solutions represent

acoustic phonons and optical phonons, respectively. Acoustic phonons correspond

to the low energy solution to Equation (2.6). Acoustic phonons occur when atoms



CHAPTER 2. THEORY 14

Acoustic Branch
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Γ

Figure 2.1: Phonon dispersion curves provided by Equation (2.6). Γ, −π/a, and π/a
are the center and ends of the first Brillouin zone, respectively.
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within a unit cell vibrate in unison with each other. As can be seen in Figure 2.1, the

frequency of acoustic modes vanishes as k approaches zero. The high energy solution

to Equation (2.6) corresponds to optical phonons. These occur when atoms within

the unit cell vibrate out of phase with respect to each other.

When expanding this solution to three dimensions, there are 3n modes occurring

in a given crystal [23], where n is the number of different atoms in a unit cell. Of the

3n modes, there are 3n− 3 optical modes and 3 acoustic modes.

Provided λ� a, k is significantly smaller than the side length of the first Brillouin

zone. When this condition is met, we may assume k ' 0, such is the case for Brillouin

and Raman light scattering.

In inelastic light scattering, there are two types of scattering events which may

occur. The first occurs when the incident photon generates a phonon in the material.

In this process, the incident photon loses energy and momentum as it is scattered.

This process is called Stokes scattering. The second scattering process is the opposite

of the first. In this process, the incident photon annihilates a phonon in the material,

thus increasing the energy and momentum of the photon as it is scattered. This is

known as anti-Stokes scattering. These scattering events are illustrated in Figure 2.2.

2.2 Brillouin Spectroscopy

Brillouin spectroscopy is an inelastic light scattering technique which is used to probe

thermally excited acoustic phonons in a material. Brillouin scattering is governed by
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Stokes Scattering

Anti-Stokes Scattering

Figure 2.2: Schematic of Stokes and Anti-Stokes scattering mechanisms. K is the
photon wave vector, θ is the angle of the incident light beam with respect to the
surface normal, q is the phonon wave vector, and the subscripts i and s denote the
incident and scattered photons, respectively.
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conservation of energy and momentum [24], such that

h̄ωs = h̄ωi ± h̄Ω (2.7)

h̄ ~Ks = h̄ ~Ki ± h̄~q (2.8)

where ω and ~K are photon angular frequency and wave vector, respectively, Ω and

~q are the angular frequency and wave vector of the phonon, respectively, and the

subscripts i and s denote the incident and scattered light. The angular frequency of

the phonon is given by

Ω = 2πf = vq (2.9)

where v is the speed of the phonon. Since v is significantly smaller than c, the speed

of light, we can make the assumption that ωs ' ωi and ks ' ki, where kx is the

magnitude of ~Kx.

There are two types of phonons that can be probed by Brillouin scattering. The

first process occurs in the bulk of the material, caused by fluctuations in the dielectric

constant due to fluctuations in the strain field, represented by ~qB in Figure 2.3. Bulk

modes are described with components parallel and perpendicular to the surface of the

sample. The magnitudes of the phonon wave vector components are given by

q
‖
B = n[ki sin θ

′
i + ks sin θ′s] (2.10)

q⊥B = n[ki cos θ′i + ks cos θ′s] (2.11)

where n is the refractive index of the material, and θ′i and θ′s are the incident and scat-
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ki

ks

θi

θs

θ'i
θ's

qR

qB

n1
n2

Figure 2.3: Diagram of vectors involved in Brillouin scattering process. ~ki and ~ks are
the incident and scattered light wave vectors, θi, θs θ

′
i, θ
′
s are the external and internal

incident and scattered light angles with respect to the normal of the sample, ~qB is
the wave vector of the acoustic bulk mode, and ~qR is the wave vector of the Rayleigh
surface mode.
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tered angles of light in the material, governed by Snell’s law. Combining Equations

(2.10) and (2.11), the magnitude of the bulk phonons wave vector is

qB = [(q
‖
B)2 + (q⊥b )2]

1
2 = n[k2i + k2s + 2kiks{sin θ′i sin θ′s + cos θ′i cos θ′s}]

1
2 . (2.12)

Remembering that ks ' ki, Equation [2.12] may be expressed as

qB = n[2k2i {1 + sin θ′i sin θ
′
s + cos θ′i cos θ′s}]

1
2 . (2.13)

From here, it can be shown that

qB = 2nki cos
(
θ′s − θ′i

2

)
. (2.14)

In 180◦ backscattering, θs = θi, and consequently θ′s = θ′i, therefore qB = 2nki. By

applying Equation (2.9), and the fact that k =
2π

λ
, the frequency of a bulk mode can

be expressed as

fB =
2nvB
λi

(2.15)

where λi is the wavelength of the incident photon. By rearranging Equation (2.15),

one can solve for the velocity of a bulk mode as

vB =
fBλi
2n

. (2.16)

For isotropic media, such as those used in the present work, the frequency of a

bulk mode does not depend on θi.

There are two types of bulk modes which may occur in a material. These are
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transverse bulk modes, which may have two polarizations, and longitudinal bulk

modes, which have one polarization.

The other type of phonon produced is a wave that propagates along the surface of

the material, called the Rayleigh surface mode. The Rayleigh surface mode is caused

by deformations on the sample surface, represented by ~qR in Figure 2.3. These surface

modes decay very rapidly into the bulk of the material, so the only component con-

sidered is that which is parallel to the surface of the material. The magnitude of the

surface mode wave vector can therefore be expressed as just the parallel component,

similar to Equation (2.10).

qR = q
‖
R = ki sin θi + ks sin θs (2.17)

Since θs = θi in 180◦ backscattering, and ks ' ki, Equation (2.17) becomes

qR = 2ki sin θi. (2.18)

The frequency of the Rayleigh surface mode is therefore given by

fR =
2vR sin θi

λi
. (2.19)

Again, one may solve for the velocity of the surface mode as

vR =
fRλi

2 sin θi
. (2.20)
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0

Figure 2.4: Schematic of a typical Brillouin spectrum. C is the central elastic peak,

R is due to the Rayleigh surface mode, T is due to the transverse bulk mode, and L

is due to the longitudinal bulk mode.

A typical Brillouin spectrum consists of peaks due to transverse bulk modes, lon-

gitudinal bulk modes, and surface modes. A simple schematic of a Brillouin spectrum

is shown in Figure 2.4. The central peak occurs at the frequency of the incident laser,

with an assigned shift of 0 GHz, and Brillouin peaks occur at frequencies on the

order of tens of GHz shifted from the central peak. To the left of the central peak

are the peaks caused by Stokes scattering, wherein a phonon is generated, and to the

right of the central peak are the peaks corresponding to anti-Stokes scattering events,

wherein a phonon is annihilated. In accordance with Equation (2.19), the frequency
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shift of the surface mode, labeled as R in Figure 2.4, will shift with a change in angle

of incidence. Since these experiments only occur at angles of incidence less than 90◦,

the frequency shift of the surface mode increases with increasing angle of incidence.

The frequency shifts of peaks corresponding to the bulk modes, represented by T and

L in Figure 2.4, are independent of angle of incidence. This is due to the isotropic

nature of the PST ceramics.

2.3 Elastic Constants

In Brillouin scattering, the phonons that are probed have wavelengths that are sig-

nificantly larger than the dimensions of the primitive unit cell, and can therefore be

treated as sound waves in a continuous medium. As such, the general equation of

motion for phonons is given by [25, 26]

ρ
∂2u

∂t2
=
∂σij
∂xj

(2.21)

where σij is the second-rank stress tensor. The stress tensor is a product of the

second-rank strain tensor skl and the fourth-rank elastic stiffness tensor Cijkl, as

σij = Cijklskl. (2.22)

The components of the strain tensor skl are defined as

skl =
1

2

(
∂uk
∂xl

+
∂ul
∂xk

)
, (2.23)
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therefore Equation (2.21) becomes

ρ
∂2u

∂t2
= Cijkl

∂2uk
∂xj∂xl

. (2.24)

We seek to obtain a plane wave solution for u, such that u ∼ ei(~q·~r−ωqt), which

leads to a new solution for Equation (2.24)

ρω2
qui = Cijklqjqluk. (2.25)

Using vq = ωq/q,

ρv2qui = Cijklq̂j q̂luk (2.26)

giving an expression that relates bulk phonon velocity to the elastic stiffness tensor.

Furthermore, since σij and skl are symmetric, we may say σi = Cijsj, allowing us to

express Cij as a rank-two tensor. The form of the Cij matrix for a cubic unit cell is

given by Hayes [26], and contains only three elastic constants, c11, c12, and c44.

Cij =



c11 c12 c12 0 0 0

c12 c11 c12 0 0 0

c12 c12 c11 0 0 0

0 0 0 c44 0 0

0 0 0 0 c44 0

0 0 0 0 0 c44



(2.27)

By comparing Equations (2.26) and (2.27), we obtain expressions which relate phonon

velocities to elastic constants in a cubic crystal. These expressions are shown in Table
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Table 2.1: Relationship between bulk phonon velocity and elastic constant for the
high symmetry directions of a cubic crystal.

q ρ v2q Bulk Mode

[100] c11 [100] Longitudinal

c44 [010] Transverse

c44 [001] Transverse
[110] 1

2
(c11 + c12 + 2c44) [110] Longitudinal

1
2
(c11 - c12) [11̄0] Transverse

c44 [001] Transverse
[111] 1

3
(c11 + 2c12 + 4c44) [111] Longitudinal

1
3
(c11 - c12 + c44) [11̄0] Transverse

1
3
(c11 - c12 + c44) [112̄] Transverse

2.1 for phonons propagating in high symmetry directions.

In a cubic crystal, the isotropy factor is given by

η =
c11 − c12

2c44
. (2.28)

For an isotropic material, such as a ceramic, η = 1, therefore

c44 =
c11 − c12

2
. (2.29)

Using the expression in Table 2.1 and Equation (2.29), we now have equations to
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describe all three elastic constants, as

c11 = ρv2L (2.30)

c44 = ρv2T (2.31)

c12 = c11 − 2c44 (2.32)

where c11 and c44 are independent elastic constants.

2.4 Fabry-Perot Interferometry

The Fabry-Perot etalon (interferometer) is considered one of the best examples of

an optical resonator. It consists of two parallel plane mirrors, of refractive index n,

which are separated by a distance l and submerged in a medium of refractive index n′.

A schematic of a Fabry-Perot interferometer is shown in Figure 2.5. To describe the

interferometer, we must treat the mirror cavity as a transmission and reflection prob-

lem by considering an infinite number of partial waves caused by internal reflections

[27].

Consider a plane wave incident on the Fabry-Perot etalon at an angle θ′. When

the beam enters the mirror chamber, it undergoes multiple reflections until a partial

wave exhibits the conditions for transmission. The phase delay between two partial

waves is given by

δ =
4πnl cos θ

λ
= 2kxl (2.33)

where λ is the wavelength of incident light, θ is the internal angle of incidence given by
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Figure 2.5: Schematic diagram of a Fabry-Perot interferometer.Ai is the amplitude
of incident light beam, An are amplitudes of the transmitted partial waves, Bn are
the amplitudes of the reflected partial waves, θ′ and θ are the incident and refracted
angles of light, n and n′ are the refractive indicies of the mirrors and the medium,
and l is the separation distance between the mirrors.
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Snell’s law, and kx is the component of the incident light wave vector perpendicular to

the surface of the mirrors. At normal incidence the phase delay simplifies to δ = 2kl,

where k is the incident wave vector.

To continue the example of multiple reflections, we must consider the change in

light intensity throughout the reflections. Take the complex amplitude of the incident

light beam to be Ai, as shown in Figure 2.5. The amplitudes of the partial reflections

Bn are given by

B1 = rAi

B2 = tt′r′Aie
−iδ

B3 = tt′r′3Aie
−i2δ

B4 = tt′r′5Aie
−i3δ

B5 = tt′r′7Aie
−i4δ · · ·

where r and t are the reflection and transmission coefficients at the mirror interface,

respectively, and r′ and t′ are the corresponding quantities within the mirror cavity.

The total complex amplitude of reflected waves is the sum of the partial reflection
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amplitudes, such that Ar = B1 +B2 +B3 + · · ·, or

Ar = Ai[r + tt′r′e−iδ(1 + r′2e−iδ + r′4e−i2δ + r′6e−i3δ + · · ·)]. (2.34)

Similarly, the transmitted partial wave complex amplitudes, An, can be written

as

A1 = tt′Aie
−i δ

2

A2 = tt′r′2Aie
−iδe−i

δ
2

A3 = tt′r′4Aie
−i2δe−i

δ
2

A4 = tt′r′6Aie
−i3δe−i

δ
2

A5 = tt′r′8Aie
−i4δe−i

δ
2 · · ·

where the term e−i
δ
2 corresponds to a wave making a single traversal through the

mirror cavity. As with the total complex amplitude of reflected light, the total com-

plex amplitude of transmitted light, At, can be written as the sum of the partial
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transmission complex amplitudes, giving At = A1 + A2 + A3 + · · ·, or

At = tt′Aie
−i δ

2 (1 + r′2e−iδ + r′4e−i2δ + r′6e−i3δ + r′8e−i4δ + · · ·). (2.35)

The expressions for Ar and At are both in the form of a geometric series [28]. By

using the fact that r′ = −r, R = r2 = r′2, T = tt′, and R + T = 1 [29], Equations

(2.34) and (2.35) may be expressed as

Ar =
(1− e−iδ)

√
R

1−Re−iδ
Ai (2.36)

At =
Te−

δ
2

1−Re−iδ
Ai. (2.37)

The intensity of a beam of light is given by I = AA∗, therefore the ratios of

reflected and transmitted light intensities are given by

Ir
Ii

=
ArAr∗
AiA∗i

=
4R sin2( δ

2
)

(1−R)2 + 4R sin2( δ
2
)

(2.38)

It
Ii

=
AtAt∗
AiA∗i

=
(1−R)2

(1−R)2 + 4R sin2( δ
2
)
. (2.39)

From Equations (2.38) and (2.39), it is clear that Ir/Ii + It/Ii = 1, or Ir + It = Ii.

According to Equation (2.39), the transmission ratio becomes unity when δ = 2πm,

where m is any integer. Using Equation (2.33), the transmission condition becomes

4πnl cos θ

λ
= 2πm (2.40)
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or

λm =
2nl cos θ

m
. (2.41)

Knowing that c = fλ, the maximum transmission frequencies may be expressed as

fm = m
c

2nl cos θ
. (2.42)

When l and θ are fixed, the frequency interval between successive transmission max-

ima is given by

δf = fm+1 − fm =
c

2nl cos θ
. (2.43)

This is referred to as the free spectral range of the interferometer.

In the case of normal incidence, we may change the resonance frequency by chang-

ing the mirror separation of the Fabry-Perot, such that

df

dl
= − ∆f

λ/2n
(2.44)

where ∆f is the intermode spacing. Therefore, by scanning over a range dl < λ/2n

we may scan over the range of wavelengths within the free spectral range. If we take

δf1/2 to be the separation between two frequencies at which the transmission is half

its peak value, Equation (2.39) gives us

sin2
(
δ1/2 − 2mπ

2

)
=

(1−R)2

4R
(2.45)

where δ1/2 is the value of δ where the value of the denominator of Equation (2.39) is
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2(1−R)2. By assuming δ1/2 − 2mπ � π, we obtain

∆f =
c

2πnl cos θ
(δ1/2 − 2mπ) =

c

2πnl cos θ

1−R√
R

(2.46)

From Equation (2.46), we define the parameter

F =
π
√
R

1−R
(2.47)

as the finesse of the Fabry-Perot interferometer. The finesse is a measure of the

resolution of a Fabry-Perot interferometer. This is the ratio of the separation between

peaks to the width of a transmission bandpass, as

∆f1/2 =
c

2nl cos θF
=

∆f

F
. (2.48)

Therefore, finesse can be expressed as

F =
∆f

∆f1/2
. (2.49)

2.5 Raman Spectroscopy

Raman spectroscopy is an inelastic light scattering technique which probes optical

phonons in a material. This technique is commonly used for characterization of

materials. There are several different Raman scattering techniques, such as resonance

Raman spectroscopy, surface enhanced Raman spectroscopy (SERS), spontaneous

Raman spectroscopy, and hyper-Raman spectroscopy. In Raman scattering, changes
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in photon energy are recorded in wave numbers, with shifts on the order of ≥ 1 cm−1.

As with Brillouin scattering, the incident photon may either annihilate an optical

phonon (Stokes scattering) or generate an optical phonon (anti-Stokes scattering) [30].

These phonons are described as periodic functions of atomic displacement, given by

r = r0 cos(ωLt) (2.50)

where r0 is the amplitude of atomic vibration and ωL is the vibrational frequency of

atoms in the material.

In the classical model, the electric field of light is periodic, with angular frequency

ωi. This is given by the expression

E = E0 cos(ωit) (2.51)

where E0 is the amplitude of the electric field. This incident electric field induces a

dipole moment in the target material, as

P = αE = αE0 cos(ωit) (2.52)

where α is a second rank tensor known as the polarizability. The polarizability may

be written as a linear function of r [30], such that

α = α0 +
(
∂α

∂r

)
0
r + · · · (2.53)

where α0 is the polarizability of the material at equilibrium and
(
∂α

∂r

)
0

is the rate of
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change of the polarizability with respect to displacement, evaluated at equilibrium.

By substituting Equation (2.50) into Equation (2.53), we obtain

α = α0 +
(
∂α

∂r

)
0
r0 cos(ωLt). (2.54)

In this equation, the higher order terms are treated as negligible.

With this information, the dipole moment of the material may now be expressed

as

P = α0E0 cos(ωit) +
(
∂α

∂r

)
0
r0E0 cos(ωit) cos(ωLt). (2.55)

The first term in this expression represents an oscillating dipole which radiates light

with a frequency equal to that of the incident light. This corresponds to elastic light

scattering. The second term in Equation (2.55) is the inelastic scattering expression.

This second term yields the results of Raman scattering. Using the trigonometric

identity

cos(θ) cos(φ) =
1

2
[cos(θ + φ) + cos(θ − φ)] (2.56)

Equation (2.55) becomes

P = α0E0 cos(ωit) +
1

2

(
∂α

∂r

)
0
r0E0{cos[(ωi − ωL)t] + cos[(ωi + ωL)t]}. (2.57)

In the second term of the above expression, the component with cos[(ωi − ωL)t]

corresponds to Stokes scattering and the component with cos[(ωi +ωL)t] corresponds

to anti-Stokes scattering.

As can be seen from Equation (2.57), not all vibrations will be Raman active.

Only vibrations where (∂α/∂r)0 6= 0 are observed in Raman scattering.
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In Raman scattering experiments, Stokes lines are typically more intense than

anti-Stokes lines. This is due to the fact that the incident laser beam generates

phonons in Stokes scattering. Naturally occurring optical phonons are much more

rare, causing anti-Stokes lines to be significantly weaker. Because of this, Stokes lines

are usually chosen to be examined.
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Experimental Details

3.1 Sample Preparation

PST ceramic samples were fabricated by Dr. Roger Whatmore using the second

method discussed in the paper by Osbond and Whatmore [31]. This method in-

volved initial formation of single-phase ScTaO4 using a high-temperature wolframite,

(Fe,Mn)WO4, preparation stage. PST and lead-zirconate (PZ) powders were pre-

pared separately using standard milling and calcination techniques, and were sub-

sequently milled together. The combined powders were then calcinated at 900◦C

and hot pressed. The resulting ceramic was annealed between 1200◦C - 1400◦C, and

cooled at a rate of 100◦C/h. A photograph of the sample is shown in Figure 3.1. Two

such samples were used in the present work.

One PST ceramic was coated with a 40 nm layer of aluminum and was used in

Brillouin scattering experiments in an attempt to find surface modes in the material.

Before deposition of aluminum film, the PST ceramic was cleaned by a four step

35
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4.5 mm

3.0 mm

Figure 3.1: PST ceramic sample used in Brillouin scattering and Raman scattering
experiments.



CHAPTER 3. EXPERIMENTAL DETAILS 37

process. First, the ceramic sample was placed in a 10 minute ethanol bath, followed

by 10 minute acetone bath. The sample was then scrubbed using a 5% volumetric

solution of cleaner Decon 90. Finally, the ceramic was rinsed using deionized water.

After cleaning, the ceramic was placed in the aluminum coating chamber.

The aluminum film was deposited onto the PST ceramic by Dr. Abdullah Alod-

hayb using a commercial DC magnetron sputtering system. The ceramic was placed

on the substrate table, such that it was aligned with the Al target, located on the

door of the chamber. A turbo pump, connected to the chamber, was used to evacuate

the chamber. Aluminum deposition began once the chamber pressure was reduced to

∼10−6 torr. Deposition rate was measured by a quartz crystal monitor at a rate of ∼ 1

Å/s, and thickness of the resulting aluminum film was 40 nm. Aluminum was chosen

as it is inexpensive, has known deposition parameters, and has been previously shown

to amplify surface mode peaks in Brillouin spectra collected for transparent materials

[32]. Furthermore, a native oxide layer forming on aluminum would be very thin (on

the order of a couple Å) and would thus not affect Brillouin scattering results.

3.2 Brillouin Scattering

3.2.1 Optical System

To collect room temperature spectra, PST samples were mounted directly into a

Brillouin light scattering apparatus with a 180◦ backscattering geometry, shown in

Figure 3.2. The light source used in these experiments was a Nd:YVO4 solid state

laser with a wavelength of 532 nm and output power of 2 W. As shown in Figure 3.2,

the beam passed through variable neutral density filter V1 to reduce beam power.
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The beam then passed through half wave plate H which rotated the polarization of

the beam 90◦, such that the beam was polarized horizontally, before hitting beam

splitter B. The reflected portion of the beam acted as the reference beam for the

tandem Fabry-Perot interferometer. After being reflected by the beam splitter, this

beam passed through aperture A which focused the beam onto mirror M2. This mirror

redirected the beam through variable density filter V3, which allowed the power of

the reference beam to be controlled. Finally, the reference beam passed through the

reference pinhole of the tandem Fabry-Perot interferometer.

The beam transmitted through the beam splitter was reflected 90◦ by mirror M1.

This beam passed through filters F1 and F2 to further reduce beam power before

passing through final variable neutral density filter V2. After passing through V2,

the beam power was on the order of 10-100 mW. This beam was reflected 90◦ by

prism P and focussed on the sample S by camera lens C, with a focal length of 5 cm.

The camera lens was chosen due to its anti-reflectance coating and built-in adjustable

aperture, set to f/2.8.

Scattered light was collected and collimated by the camera lens. Finally, the beam

was focused onto the 450 µm diameter entrance pinhole of the tandem Fabry-Perot

interferometer by lens L, with a focal length of 40 cm.

The scattered light was examined by a six-pass tandem Fabry-Perot interferometer

manufactured by JRS Scientific Instruments. This interferometer contains two Fabry-

Perot mirror chambers, shown in Figure 3.2.1, with slightly different mirror spacings.

Light entered the interferometer via the pinhole, as represented in Figure 3.2.

Upon entry, mirrors M1 and M2 directed the beam through the first hole of aperture

A1 and into the first Fabry-Perot etalon FP1. Once light entered the first Fabry-
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Figure 3.2: Room temperature Brillouin spectroscopy setup. V - variable neutral
density filter, H - half wave plate, B - beam splitter, M - mirror, A - aperture, F -
filter, P - prism, C - camera lens, S - sample, L - lens.
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Figure 3.3: Optics of six pass tandem Fabry-Perot interferometer. Mi - mirror, Li -
lens, Ai - aperture, FPi - Fabry-Perot interferometer, di - spacing of interferometer i,
α - angle between FP1 and FP2, P - prism, PM - photomultiplier tube.
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Perot etalon, only frequencies which satisfied Equation (2.42) were transmitted, which

passed through the corresponding hole of aperture A2. It is important to note that

apertures A1, A2, and A3 each had three holes, allowing for three passes through each

of the Fabry-Perot etalons. Transmitted light was reflected by mirror M3, redirect-

ing the transmitted beam to Fabry-Perot etalon FP2. As in FP1, only frequencies

satisfying Equation (2.42) were transmitted and passed through the first hole of aper-

ture A3. The beam was then incident on prism P1, which redirected the beam back

through the second hole of aperture A3, such that it was anti-parallel to the beam

transmitted from FP2.

The beam that was redirected by prism P1 passed through the Fabry-Perot etalons,

and corresponding holes in apertures A2 and A1. The beam transmitted back through

FP1 was reflected by M2, where it was focused by lens L1 onto mirror M4. M4 reflected

the beam back through L1, where the beam went through a final pass through the

Fabry-Perot mirror chambers.

After passing through the final hole of A3, the beam was incident on mirror M5,

and was then directed through aperture A4 and onto lens L2. L2 focused the beam

onto the Fabry-Perot interferometer output pinhole of the photomultiplier PM, which

sends information through the electronics, generating a spectrum.

The benefit to using a tandem Fabry-Perot interferometer is that the addition of

additional passes through the etalons drastically increases the finesse of a spectrum,

yielding much stronger peak intensity in the spectrum corresponding to inelastic

scattering events.
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3.2.2 Alignment of Fabry-Perot Interferometer

With the photomultiplier tube turned off, the optics inside the tandem Fabry-Perot

interferometer were re-aligned before proceeding with experiments. With a reflective

surface in the sample holder, the scattered light beam was focused on the entrance

pinhole of the interferometer, with a diameter of 1000 µm, such that the aperture

was fully illuminated.

By placing a card behind A1, we were able to check the focusing of the scattered

beam. The external optics were focused until the shadow of the prism, from Figure

3.2, was visible on the card. The card was placed in front of M3. With the electronics

in tandem mode, the Z parameter, corresponding to the mirror spacing of the first

Fabry-Perot etalon, was adjusted until a fringe pattern was visible on the card. The

parameter Y1, the vertical tilt of the mirror in FP1 was adjusted until the fringe

pattern was completely vertical, and X1, the horizontal tilt, was adjusted until the

fringe filled the field of view. The card was moved behind the first hole of A3. δ Z

was adjusted until the fringe pattern was visible on the card. As with Y1 and X1, Y2

and X2 were adjusted such that the fringe was vertical and filled the field of view.

The card was then placed behind the third hole of A3 to ensure that the scat-

tered light had undergone all six passes through the interferometer. At this point,

parameters X1, Y1, X2, and Y2 were tweaked to produce maximum transmission.

Finally the card was used to ensure the beam passes through A4 and L2, and into the

pinhole of the photomultiplier. Once alignment of the internal optics was complete,

the interferometer was ready to undergo routine alignment for an experiment.
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3.3 Raman Scattering

3.3.1 Optical System

For both room temperature and high temperature Raman scattering, PST samples

were placed in a high temperature cell (see Section 3.4) within the Raman scattering

apparatus, as shown in Figure 3.4. In these experiments, the light source used was a

514.5 nm Ar+ laser. The beam first passed through a variable neutral density filter,

reducing the power of the laser beam to 20 mW. The next piece of the apparatus is the

parabolic mirror MP . This mirror has a 3 mm coaxial pinhole located at its center,

allowing the incident beam to pass through it. Once the beam passed through the

pinhole of the parabolic mirror, it was incident on aperture A, then entered the high

temperature cell. Inside the high temperature cell, there was a lens which focuses the

incident beam onto the sample. This will be discussed in further detail in Section 3.4.

A 180◦ backscattering geometry was used, thus scattered light was collected by

the internal lens of the high temperature cell, and sent back through the entrance

of the cell. The scattered beam passed through the same aperture A, which directs

the scattered beam onto the parabolic mirror. The mirror reflected the scattered

beam onto lens L1, which collimated the beam. The collimated beam then passed

through another aperture, before being focused onto the pinhole of the double grating

interferometer by a second lens L2, with a focal length of 10 cm.

A schematic of the spectrometer is shown in Figure 3.5. The double grating

spectrometer used in Raman experiments, manufactured by Spex Industries, consisted

of two holographic gratings with 1800 grooves/mm and dimensions of 102 mm × 102

mm, and has a focal length of 0.85 m and aperture of f/7.8.
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Figure 3.4: Raman spectroscopy setup. V - variable neutral density filter, MP -
parabolic mirror, A - aperture, L - lens.
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The scattered light beam entered the spectrometer through the entrance slit of

width 300 µm and completely filled the first collimating mirror M1. M1 reflected

the light beam onto the first grating G1, which dispersed the light. This dispersed

light was focused by the second collimating mirror M2 onto a plane mirror which

reflected the dispersed beam through a slit and into the second grating chamber. In

this chamber, a plane mirror reflected the dispersed beam onto collimating mirror

M3 such that it was completely filled. This mirror directs the beam onto the second

grating G2 which further dispersed the beam. Finally, the dispersed light was focused

by the last collimating mirror M4 onto the output pinhole, which was then collected

by the photomultiplier tube. The information recorded by the photomultiplier tube

was then sent to the computer, with interfaced electronics and software, to create a

digital spectrum.

3.4 High Temperature Cell

The high temperature cell used in these experiments, shown in Figure 3.6, was built

by Dr. Maynard Clouter. The PST sample was placed on the holder in a quartz

tube, as shown in Figure 3.6(d), and was positioned using the positioning dial D. The

quartz tube was flooded with inert He gas, which was used to transfer heat from the

surface of the tube to the sample. The cell was heated through the use of coiled wires

surrounding the quartz tube C, as shown in Figure 3.6(c) and was heavily insulated,

shown by I. The temperature control knob located on the bottom of the cell was used

to adjust temperature, with a range of 273 K - 1673 K. Outside the cell, the exterior

of the tube was cooled with the use of a refrigerated circulating bath, which generated
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Figure 3.5: Schematic of double grating interferometer used in Raman scattering
experiments. Mi - collimating mirror, Gi - holographic grating, PM - photomultiplier
tube.
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Figure 3.6: (a) Photograph of high temperature cell. (b) Schematic view of high tem-
perature cell. (c) Schematic of the inside of the high temperature cell. I - insulation,
C - wire coils. (d) Schematic of quartz tube in high temperature cell. D - positioning
dial, S - sample, L - lens.
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a flow of cooled water around both sides of the quartz tube.



Chapter 4

Results and Discussion

4.1 Room Temperature Brillouin Scattering

Brillouin light scattering experiments were performed on two PST ceramic samples

with equal disorder at room temperature, with angles of incidence ranging from 20◦

to 70◦, which corresponds to a range of internal angles of 8◦ to 22◦ with respect to

the normal to the sample surface, using a 180◦ backscattering geometry. In each

spectrum, two sets of Brillouin peaks were observed, which were labeled T and L.

Table 4.1: Frequencies of Stokes and Anti-Stokes peaks for transverse and longitudinal
bulk modes for PST ceramic #1 collected at room temperature.

θi (±1◦) fST (± 1 GHz) fAT (± 1 GHz) fSL (± 0.1 GHz) fAL (± 0.1 GHz)
20 25 24 43.6 43.3
30 25 25 43.3 43.3
40 24 25 43.1 42.7
50 24 25 43.4 43.3
60 24 25 43.7 43.0
70 24 25 43.4 42.8

49
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Figure 4.1: Spectra collected from PST ceramic #1 at room temperature. T corre-
sponds to the transverse bulk mode, L corresponds to the longitudinal bulk mode.
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Spectra collected from PST ceramic #1 are shown in Figure 4.1. Table 4.1 presents

the frequency shifts of the Stokes and anti-Stokes peaks located in these Brillouin

spectra. Using the average frequency shifts of Table 4.1, bulk mode frequency shift

was plotted against sin θi, as shown in Figure 4.2. Since there was no change in

Brillouin frequency shift with change in angle, by Equation 2.15, these peaks were

determined to be due to the transverse and longitudinal bulk modes, respectively. The

average values from Table 4.1 were used to calculate phonon velocities, by applying

Equation (2.16). These velocities were used in the relationship given by Equations

(2.30 - 2.32) to calculate elastic constants c11, c44, and c12. These values are shown in

Table 4.3. As can be seen, the values for vL and c11 calculated from these results are

comparable to those for crystalline PST obtained in previous studies. It should be

noted that Jiang et al. performed experiments on [001] oriented PST and calculated

c33 = ρv2 [16]. They calculated a value of c33 = 173 GPa, which is very close to the

value of c11 provided by Fedoseev et al. [1]. The values calculated for vT , c44 and c12

are similar to the values provided by Fedoseev et al. [1] for crystalline PST.

Brillouin light scattering experiments were performed on PST ceramic #2 under

identical conditions. Spectra collected with angles of incidence ranging from 20◦ - 70◦

are shown in Figure 4.3. As with PST ceramic #1, two peaks were found in these

spectra. These peaks were found to be independent of angle of incidence, as shown

in Figure 4.4, therefore these peaks were determined to be due to the transverse and

longitudinal bulk modes. Frequencies of the bulk mode peaks in these spectra are

shown in Table 4.2. The difference in spectra quality was caused by a replacement

of the photomultiplier tube in the tandem Fabry-Perot interferometer. The new

photomultiplier tube allowed spectra with less noise to be collected with shorter
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Figure 4.2: Longitudinal (blue) and transverse (red) bulk mode frequencies at angles
of incidence ranging from 20◦ - 70◦ for PST ceramic #1. Horizontal line corresponds
to the average bulk mode frequencies.
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Figure 4.3: Spectra collected on PST ceramic #2 at room temperature. T corresponds
to the transverse bulk mode, L corresponds to the longitudinal bulk mode.

collection times.

Using the average frequency shift of peaks from Table 4.2, the velocities of the

transverse and longitudinal bulk modes were calculated using Equation (2.16), and are

listed in Table 4.3. The value for vL for this sample is similar to the values provided

by literature for crystalline PST, and is within uncertainty of the value calculated

for PST ceramic #1. The value for vT for PST ceramic #2 is larger than the value

provided by Fedoseev et al. on crystalline PST, however it is within 6% of the value

calculated for PST ceramic #1.

As with PST ceramic #1, elastic constants c11, c44, and c12 were determined using
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Figure 4.4: Longitudinal (blue) and transverse (red) bulk mode frequencies at angles
of incidence ranging from 20◦ - 70◦ For PST ceramic #2. Horizontal line corresponds
to the average bulk mode frequencies.

Table 4.2: Frequencies of Stokes and Anti-Stokes peaks for transverse and longitudinal
bulk modes for PST ceramic #2 collected at room temperature.

θi (±1◦) fST (± 0.3 GHz) fAT (± 0.3 GHz) fSL (± 0.1 GHz) fAL (± 0.1 GHz)
20 25.8 25.5 44.2 44.6
30 25.2 26.0 44.0 44.6
40 25.3 26.2 44.0 44.8
50 26.1 25.3 44.9 44.2
60 26.5 25.5 44.9 44.3
70 26.4 25.3 44.1 44.3
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Table 4.3: Bulk mode velocities and corresponding elastic constants from current
work and previous studies.

vL (m/s) c11 (GPa) vT (m/s) c44 (GPa) c12 (GPa)
Present Work 4600 ± 100 189 ± 8 2600 ± 100 61 ± 5 70 ± 20

(ceramic) 4700 ± 100 200 ± 9 2750 ± 90 68 ± 4 60 ± 20
Jiang et al.[16] 4330 - - - -

(crystal)
Fedoseev et al.[1] ∼4370 ∼ 176 ∼2510 ∼57 ∼59

(crystal)
Pietraszko et al.[10]) 4742 203 - - -

(crystal)
Zinenko et al. [33] - 209 - 74 75

(crystal)

the relations given in Equations (2.30 - 2.32). The value for c11 is similar to the values

provided by literature for crystalline PST, and is within 6% of the value calculated

for the PST ceramic #1. The value of c44 is larger than the crystalline value provided

by Fedoseev et al. [1], however it overlaps with the value calculated for the first PST

ceramic in this work, within uncertainty. The range of elastic constant c12 overlaps

with the value for crystalline PST from Fedoseev et al. [1].

The similarity between the elastic constants calculated for the ceramics used in

this work and those found for crystalline PST in previous studies [1, 10, 16] is due to

the polycrystalline nature of the ceramics used. As discussed earlier, these ceramics

were fabricated through the use of PST powders and thus the ceramics are comprised

of crystalline grains. By probing acoustic phonons in the ceramic, we thus probe

acoustic phonons in these randomly distributed crystalline regions.

In an attempt to observe surface acoustic waves in PST, Brillouin scattering ex-

periments were also performed on PST ceramic with a 40 nm Al coating. This process
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was used by Mroz et al. to observe surface modes in transparent and semi-transparent

media [32]. A spectrum collected at 60◦ with a free spectral range of 60 GHz is shown

in Figure 4.5. This spectrum was collected with higher incident beam power than

in previous experiments and, as a result, should be interpreted with caution due to

the potential for sample damage due to heating by the laser. An additional peak

was observed in this spectrum with a frequency shift of fR ' 11 GHz. The peak is

significantly wider than typical surface mode peaks. Using Equation (2.20) and the

value of the Rayleigh surface mode frequency shift of aluminum from Sandercock et

al. [34], the frequency shift of the surface mode of aluminum for an angle of incidence

of 60◦ was calculated to be ∼ 8.9 GHz, which is much lower than the frequency shift

of the peak found in this spectrum. It is therefore unlikely that this peak is due to

the aluminum film and may in fact be due to the Rayleigh surface mode of PST.

Unfortunately, the Al coating on the sample degraded with time. This degradation

is likely due to long exposure to the high power laser beam. Subsequent spectra show

signs of this damage, as shown in Figure 4.6, and thus this sample could not be used

to further explore the potential Rayleigh surface mode in Figure 4.5.

4.2 Raman Light Scattering

4.2.1 PST Ceramic #1

Room Temperature Raman Scattering

Raman light scattering experiments were performed on PST ceramic at room tem-

perature. Experiments were performed over a range of 1000 cm−1, starting at the
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Figure 4.5: Brillouin spectra collected on PST ceramic with Al coating at room
temperature with an angle of incidence of 60◦ and free spectral range of 60 GHz.
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Figure 4.6: Brillouin spectra collected on PST ceramic with Al coating at room
temperature with an angle of incidence of 60◦ and free spectral range of 60 GHz.
This spectrum does not share features with the spectrum in Figure 4.5. Upon closer
inspection, the damage to the sample was revealed.
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Figure 4.7: Raman spectra collected from PST ceramic #1 at room temperature.
Raman peaks are labeled with shift values. Peaks labeled with † are laser plasma
lines.

wavenumber of the laser, 19430 cm−1. The room temperature spectrum for PST

ceramic #1 is shown in Figure 4.7. There were four major peaks observed in this

spectrum. As is shown in Table 4.4, the Raman shifts for three of these peaks were

consistently lower than the values provided by Bismayer [14] and Setter [19], but

within range of the values provided by Mihailova [18, 20], for crystalline PST. The

peak at 835 cm−1 has a comparable shift to the values obtained for crystalline PST.

The strongest peak, occurring at 54 cm−1, is the F2g mode [35, 36], corresponding

to vibrations of the octahedron formed by oxygen atoms within the PST unit cell [17].

The F2g mode is threefold degenerate, symmetric with respect to a fourfold rotation,
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Table 4.4: Raman shift of peaks observed in room temperature Raman experiments
of PST ceramic compared to values provided by literature for PST crystals

F2g (cm−1) F1g (cm−1) F2u (cm−1) A1g (cm−1)
Present Work 54 ± 2 230 ± 10 359 ± 5 835 ± 5

55 ± 2 232 ± 10 358 ± 5 837 ± 10
Bismayer et al. [14] 61 240 370 830
Mihailova et al.[18] 54 230 350 823
Mihailova et al. [20] 53 240 350 830

Setter et al. [19] 60 238 365 835

and has an inversion center which is kept throughout the vibration. This is the peak

that was primarily observed in high temperature experiments.

The peak at 230 cm−1 is due to the F1g mode. This mode corresponds to rotation

of BO3 bonds in the material, where B is either Sc or Ta [18]. The peak located

at 359 cm−1 corresponds to an F2u mode [18]. This mode is caused by vibrations

along the PbO bonds in the material, and can be used to observe a change in the

order of B-site cations in PST [19]. The final peak, located at 835 cm−1, is caused by

symmetric B-O stretching in the BO6 octahedra, and is the A1g mode [18].

There are three other peaks observed in the room temperature Raman spectrum

of PST ceramic #1, occurring at 116 cm−1, 266 cm−1, and 521 cm−1. These peaks,

labeled as † in Figure 4.7, are plasma lines, which are an artefact of the incident laser.

These peaks occur at the same positions in all spectra, and as such, these peaks were

used as calibration lines in high temperature Raman scattering experiments. It is

important to note that subsequent high temperature spectra were calibrated to two

plasma lines, located at 77 cm−1 and 521 cm−1
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Figure 4.8: Raman spectra collected on PST ceramic at temperatures ranging from
557 ◦C to 850◦C, over a range of 990 cm−1. Peaks labeled with † are laser plasma
lines.

High Temperature Raman Scattering

Raman light scattering experiments were also performed on PST ceramic #1 at tem-

peratures ranging from 557 ◦C to 1200 ◦C. As with room temperature experiments,

high temperature experiments were performed over a range 1000 cm−1, starting from

19430 cm−1. All spectra were collected under identical conditions. It is important to

note that at temperatures greater than ∼800 ◦C, the W(5%Re) - W(26%Re) thermo-

couple used for temperature measurements became brittle, requiring that the analog

scale on the high temperature unit be used to determine temperature for T > 800◦C.
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Spectra collected at temperatures between 557 ◦C and 850 ◦C are shown in Fig-

ure 4.8. In this temperature range, the F1g peak, observed at 230 cm−1 at room

temperature, was not present. This was not a surprising result, as the intensity of

the F1g mode decreases rapidly with temperature for crystalline PST for tempera-

tures greater than 177◦C [20]. This decrease in peak intensity in crystalline PST, and

likely therefore polycrystalline ceramic PST, is caused by the formation of regions

comprising off-centered BO6 octahedra [20]. The F2u peak was present in all of the

spectra shown in Figure 4.8, however it was significantly weaker than in the room

temperature spectrum. The A1g peak was extremely weak, and was only observable

in the spectra collected at 557 ◦C, 605 ◦C, and 704 ◦C. These peaks were much weaker

than those found in the room temperature spectrum, and thus have a much larger

associated uncertainty. Raman shifts for these peaks are provided in Table 4.5.

In the spectra shown in Figure 4.8, the F2g mode shifted by ∼ 10% when compared

to the room temperature spectrum shown in Figure 4.7. The peaks corresponding to

the F2g mode in the high temperature spectra are also weaker than the F2g peak in the

room temperature spectrum. This behaviour is consistent with that of the same mode

in crystalline PST [20]. Between 557 ◦C and 800 ◦C, there was an increase in shift

of the F2g peak with increasing temperature, however there was negligible change in

peak intensity for the F2g mode peak. In the spectrum collected at 850 ◦C, the peak

is more intense than in the lower temperature spectra. This is further illustrated in

Figure 4.9 which shows higher resolution spectra collected over a range of 100 cm−1 at

10 scans per wavenumber. The width of the F2g mode in high temperature spectra is

lower than that of the corresponding peak in the room temperature spectrum. Note

that the peak located at 66 cm−1 is a laser plasma line.
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Figure 4.9: Raman spectra collected on PST ceramic at temperatures ranging from
557 ◦C to 850◦C, over a range of 100 cm−1. Peak labeled with † is a laser plasma line.
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Table 4.5: Raman peak positions at all temperatures measured for PST ceramic #1.

Temperature (◦C) F2g (cm−1) F1g (cm−1) F2u (cm−1) A1g (cm−1)
25 54 ± 2 230 ± 10 359 ± 5 835 ± 5
557 58 ± 1 - 355 ± 10 828 ± 20
609 59 ± 1 - 347 ± 10 836 ± 20
653 59 ± 1 - 345 ± 10 -
704 60 ± 1 - 347 ± 10 821 ± 20
758 60 ± 1 - 346 ± 10 -
810 59 ± 1 - 346 ± 10 -
850 60 ± 1 - - -
900 61 ± 1 - - -
960 65 ± 3 - - -
990 65 ± 3 - - -
1050 65 ± 3 - - -
1100 65 ± 3 - - -

Figure 4.10 shows spectra collected from PST ceramic #1 over temperatures rang-

ing from 900 ◦C to 1100 ◦C. In these spectra, the only observable peak is the F2g mode.

The F2g mode in this temperature range is significantly weaker than in lower tem-

perature spectra. Furthermore, the intensity of the F2g peak decreases significantly

between 900 ◦C and 960◦C. This is shown in greater detail in Figure 4.11. The Raman

shifts of these peaks are also shown in Table 4.5. It was noted that the interior of the

high temperature cell became coated with a thin grey film at temperatures greater

than 990◦. In the 1050◦C and 1100◦C spectra, there is an oscillation in the back-

ground signal. This is observable in both Figure 4.10 and Figure 4.11. The source of

this signal oscillation is unknown, but may be related to this thin grey film.

In the 1050 ◦C and 1100◦C spectra, there was significant noise at high Raman

shifts. At these higher temperatures, the high temperature cell was glowing very

brightly. This white glow coming from the cell (see Figure 4.12) was likely the cause
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Figure 4.10: Raman spectra collected on PST ceramic at temperatures ranging from
900 ◦C to 1100◦C, over a range of 990 cm−1. Peaks labeled with † are laser plasma
lines.
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Figure 4.11: Raman spectra collected on PST ceramic at temperatures ranging from
900 ◦C to 1100◦C, over a range of 100 cm−1. Peak labeled with † is a laser plasma
line.



CHAPTER 4. RESULTS AND DISCUSSION 67

of the noise at high shifts. Furthermore, the 1200 ◦C spectrum, shown in Figure 4.13,

showed no Raman peaks for the full range investigated. It was at this temperature

that the glow from the high temperature cell was strongest.

When the PST ceramic was removed from the high temperature cell, it was obvious

that it had undergone a significant change. The ceramic, originally semi-transparent,

was nearly solid white. The change of sample colour is shown in Figure 4.14. The

dark colouring on the corner of the sample in the lower picture is an effect of the

sample holder. As previously mentioned, when the sample was taken out of the high

T cell, there was an unknown thin coating on the lens and the walls of the quartz

crystal tube. By comparing our temperature range to the high temperature ordering-

disordering properties provided by Setter et al. [6, 11], Groves et al. [4], and Stenger

et al. [2, 15], it was determined that this change of colour was due to a loss of PbO

from the ceramic in the high temperature region. The loss of Pb and O decreases

the content of both in the sample which undoubtedly affects the F2g mode frequency

(the loss of PbO in the material disturbs the oxygen octahedron found in the unit

cell of PST). This disturbance is likely the cause of the higher frequency shift of the

F2g mode in these spectra. The higher reflectivity of the white ceramic is the likely

cause of the wide central peak (at 0 cm−1) in the high temperature spectra in Figure

4.10.

Figure 4.15 shows a room temperature Raman spectrum taken on PST ceramic

#1 after high temperature experiments. This spectrum was taken with five times

the collection time used in the high temperature experiments, and there were no

observable Raman peaks in the range investigated, providing further evidence that

the sample was transformed in some manner. Three laser plasma lines were observed
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Figure 4.12: High temperature cell at ∼1100◦C. Bright white glow is produced by
the glowing of the heater coils surrounding the quartz tube.
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Figure 4.13: Raman spectra collected on PST ceramic at 1200◦C, over a range of 990
cm−1. Peaks labeled with † are laser plasma lines.
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(A)

(B)

Figure 4.14: PST ceramic before high temperature experiments (A) and after high
temperature experiments (B).
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Figure 4.15: Room temperature Raman spectrum of PST ceramic #1 after completion
of high temperature experiments. Collection time was five times that used in the high
temperature Raman scattering experiments.

in this spectrum, with positions matching those in high temperature spectra.

4.2.2 PST Ceramic #2

Room Temperature Raman Scattering

Room temperature Raman scattering experiments were repeated on PST ceramic #2

under identical conditions to those used for PST ceramic #1. As with PST ceramic

#1, this spectrum was taken over a range of 1000 cm−1, starting with the wavenumber

of the laser. This spectrum is shown in Figure 4.16. As with PST ceramic #1, four
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Figure 4.16: Raman spectra collected on PST ceramic #2 at room temperature.
Peaks are labeled with Raman shift values, and peaks labeled with † are laser plasma
lines.

peaks were found in this spectrum, and are listed in Table 4.4. The peak shifts

were found to be very similar to those from PST ceramic #1, and are within 10%

of the values for crystalline PST provided by Bismayer et al, with the exception of

the F2g mode. Interestingly, the plasma lines in this spectrum were significantly less

pronounced than in the room temperature spectrum from PST ceramic #1, as there

was only one strong plasma line, located around 110 cm−1.
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High Temperature Raman Scattering

Raman spectra were collected on PST ceramic #2 at temperatures ranging from

201◦C to 653◦C (see Figure 4.17). In these high temperature spectra, the F2g mode

was still the strongest peak. For this sample, the intensity of the F2g mode in high

temperature spectra was much closer to the intensity of the F2g mode in the room

temperature spectra, compared to PST ceramic #1. Furthermore, unlike PST ceramic

#1, there was a decrease in peak intensity with increasing temperature, shown in

Figure 4.18. Spectra shown in Figure 4.18 were collected with 1000 scans over a

range of 100 cm−1.

As with Raman shift, the linewidth of the F2g peak of PST ceramic #2 is compara-

ble to the linewidth of the F2g PST ceramic #1, within their respective uncertainties,

for overlapping temperature ranges.

Similar to PST ceramic #1, there were only three peaks observed in high temper-

ature Raman scattering, as the F1g peak was not observed. This is consistent with the

results from PST ceramic #1. As is shown in Table 4.6, the Raman shift of the F2g

mode increased with increasing temperature, however the shift of the other peaks did

not change significantly with temperature. From Figure 4.17, it can be seen that the

intensity of the 358 cm−1 and 837 cm−1 peaks decreased with increasing temperature.

Unfortunately, once the high temperature cell reached 700◦C, PST ceramic #2

exhibited signs of PbO loss. Upon removing the sample from the high temperature

cell, the sample had changed colour, from a semi-transparent yellow-orange to a solid

white colour. A comparison of colours is shown in Figure 4.19. Because of this,

experiments on this sample concluded at 653◦C.
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Figure 4.17: Raman spectra collected on PST ceramic #2 at temperatures ranging
from 201 ◦C to 653◦C, over a range of 990 cm−1.

Table 4.6: Raman peak positions for PST #2 at all temperatures measured.

Temperature (◦C) F2g (cm−1) F1g (cm−1) F2u (cm−1) A1g (cm−1)
25 55 ± 2 232 ± 10 358 ± 5 837 ± 10
201 56 ± 1 - 358 ± 3 832 ± 10
274 55 ± 1 - 356 ± 4 833 ± 10
340 57 ± 1 - 358 ± 3 839 ± 20
397 59 ± 2 - 349 ± 5 832 ± 20
453 60 ± 2 - 346 ± 10 835 ± 20
517 59 ± 2 - 351 ± 10 848 ±10
572 59 ± 2 - 353 ± 10 832 ± 20
624 60 ± 2 - 347 ± 10 -
653 60 ± 2 - 350 ± 10 -
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Figure 4.18: Raman spectra collected on PST ceramic #2 at temperatures ranging
from 201 ◦C to 653◦C, over a range of 100 cm−1.
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Figure 4.19: PST ceramic # 2 before high temperature experiments (left) and after

high temperature experiments (right).

4.2.3 General Discussion

The F2g mode peak positions of PST ceramic, shown in Figure 4.20, highlight the

change in Raman shift with respect to temperature from room temperature to 1200◦C.

Between room temperature and ∼250◦C, there is little change in Raman shift of the

F2g mode peak. The Raman shift of the F2g mode of ceramic PST increased with

increasing temperature between ∼250◦C and ∼450◦C. Between ∼450 ◦C and 900 ◦C,

the frequency of the F2g showed little change with temperature. Above 900 ◦C, there
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was a large and abrupt increase in Raman shift of the F2g mode peak. The intensity

of this peak was significantly weaker in the spectra collected above 900◦C, compared

to lower temperature spectra. This gave rise to a much larger uncertainty associated

with these peak positions. These changes in the F2g mode peak have been attributed

to the loss of PbO in the ceramic at high temperatures, as these effects were only

observed at temperatures at which PbO loss was observed in the PST ceramic.

Figure 4.20 also shows Raman shifts of the F2g mode collected from previous

studies. For PST thin films [37] and crystalline PST [20, 14], Raman shift of the F2g

mode decreases with increasing temperature below 0◦C. Above 0◦C, the frequency

shift of the F2g mode from crystalline PST increases with increasing temperature [20].

This change in frequency shift with temperature is attributed to distortions of the

lattice parameter. The temperature where frequency shift changes from decreasing

with increasing temperature to increasing with increasing temperature corresponds

to the paraelectric-ferroelecteric phase transition near 0◦C.

The results collected from ceramic PST in this study were exclusively collected

above the transition temperature. The change in Raman shift of the F2g peak of

ceramic PST with temperature shows the same general trend as those collected by

Mihailova et al. at temperatures greater than 0◦C.

The full width at half maximum of the F2g mode for ceramic and crystalline

PST is shown in Figure 4.21 for the temperature range -273◦C - 1200 ◦C. As is

shown, the Raman linewidth of the F2g mode of the PST ceramic was smaller at

high temperatures, compared to room temperature. Figure 4.21 shows a decrease in

Raman peak linewidth of the F2g mode of ceramic PST with increasing temperature

for temperatures between room temperature and 900◦C. Between 450 ◦C and 900 ◦C,
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there was relatively little change in linewidth, where all values fell within the range

of 11 cm−1 to 17 cm−1. Interestingly, this sharp transition occurs at about the same

temperature as the transition between increasing F2g peak shift with temperature and

relatively constant F2g peak shift. At 900 ◦C and above, where the peak due to the

F2g mode was significantly weaker, the linewidth was noticeably smaller. For ceramic

PST, the linewidth of the F2g mode was significantly different than that measured

on crystalline PST by Bismayer et al. for temperatures between room temperature

and 200◦C [14]. The linewidth of this mode from the previous study increased with

increasing temperature from -173◦C to room temperature. As with Raman shift,

at temperatures larger than room temperature, the linewidth remained relatively

constant. This occurred for both ordered crystalline PST and disordered crystalline

PST.

At low temperatures (-171◦C - 0◦C), Bismayer et al. observed two additional

peaks on the shoulders of the F2g mode peak [14]. These peaks became hidden

as temperature increased, and the F2g mode peak intensity increased, and were not

observed at room temperature. This splitting of the F2g mode peak was also observed

in polarized Raman spectra collected by Mihailova et al [20]. These peaks were not

observed in any Raman spectra collected on PST ceramics, as the temperature range

was larger than the temperatures at which these peaks were seen. This is likely the

cause of the difference between the linewidth of the F2g mode peak in ceramic PST

and the F2g mode peak in crystalline PST from Bismayer et al. [14].

Figure 4.22 shows the Raman shift of the F2u peak at temperatures ranging from

room temperature to 850 ◦C. In the work by Setter et al. on crystalline PST, the

Raman shift of this peak remained constant after various heat treatments [19]. As
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was shown in Figure 4.17, the intensity of these peaks decreased with increasing

temperature. As such, at high temperatures, these peaks were significantly weaker

and wider than in the room temperature spectrum, making it impossible to obtain

reliable estimates of full width at half maximum.

Figure 4.23 shows Raman shift of the A1g mode at temperatures ranging from

room temperature to 704◦C for PST ceramics. Over this temperature range, the Ra-

man shift of the peak remained relatively unchanged. The shift values are comparable

to the values measured on crystalline PST by Mihailova et al, where the Raman shift

of this peak also remained constant over a temperature range of 157◦C - 467◦C. In

crystalline PST, this mode is generated by symmetric stretching of the BO6 octahe-

dra. Since the ceramic is polycrystalline, the crystal grains which form the ceramic

experience the same bond stretching. As with the F2u mode, the intensity of the A1g

mode was significantly smaller at high temperatures, compared to room temperature,

therefore the full width at half maximum could not be measured.

In high temperature spectra (T > 200◦C), the intensity of the F2g, F2u, and

A1g peaks was less than observed at room temperature. The cause of this decrease

in relative intensity is unknown. It should be noted, however, that the intensity

of the F2g mode for crystalline PST was shown by Lushnikov et al. to decrease with

increasing temperature [17]. It is possible that the reason for this decrease in intensity

is similar to that for the F1g mode peak, as previously discussed.
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Chapter 5

Conclusion

5.1 Summary

Inelastic light scattering studies were performed on PST ceramic samples over a range

of temperatures. Brillouin light scattering was used to probe acoustic phonons at

room temperature and Raman light scattering was used to probe optical phonons at

room temperature and higher temperatures.

Brillouin light scattering experiments were performed on PST ceramics with angles

of incidence ranging from 20◦ to 70◦. Two peaks were found in these spectra. The

frequency shift of these peaks showed no dependence on angle of incidence, therefore

both of these Brillouin peaks were determined to be due to bulk modes. The peak

with lower frequency shift was determined to be due to the transverse bulk mode, and

the peak with the higher frequency shift was determined to be due to the longitudinal

bulk mode.

Using the average frequency shift of the respective bulk modes for PST ceramic

84
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#1, Equation (2.16) was used to calculate the velocity of the respective phonons. The

velocity for the transverse bulk mode was found to be vT = 2600 ± 100 m/s, and

the velocity of the longitudinal bulk mode was found to be vL = 4600 ± 100 m/s.

These values were comparable to values provided by literature for crystalline PST.

Using the relations provided in Equations (2.30) and (2.31), respectively, independent

elastic constants were calculated to be c11 = 198 ± 8 GPa and c44 = 61 ± 5 GPa. Due

to the isotropy of the material, Equation (2.32) was used to calculate elastic constant,

c12 = 70 ± 20 GPa. The values for the three elastic constants were all similar to the

values provided by literature for PST crystals.

For PST ceramic #2, average frequency shift of the bulk modes was used to calcu-

late the bulk mode velocities of the respective modes. The velocity of the transverse

bulk mode was calculated to be vT = 2750 ± 90 m/s. This value is lower than the

values for crystalline PST from literature, however it is within uncertainty of the

value calculated for the PST ceramic #1. The longitudinal bulk mode velocity was

found to be vL = 4700 ± 100 m/s. This value is also within uncertainty of the value

calculated for PST #1, and is comparable to values for crystalline PST provided by

literature. The values for transverse and longitudinal bulk mode velocities were used

to calculate independent elastic constants c44 and c11, respectively. The values cal-

culated were c11= 200 ± 9 GPa and c44 = 68 ± 4 GPa. These values are similar to

the values calculated for PST ceramic #1, however only the value for c11 is similar to

the values provided by literature for crystalline PST. These values were then used to

calculate c12 = 60 ± 20 GPa, which is within uncertainty of the value calculated for

PST ceramic #1.

The similarities between the elastic constants calculated for the PST ceramics from
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this study and PST crystals used in previous studies comes from the polycrystalline

nature of the ceramic (consisting of crystalline grains with random orientation).

PST ceramic was coated with a 40 nm layer of aluminum by vacuum deposition

using a commercial DC magnetron sputtering system. Brillouin light scattering exper-

iments were performed on this coated ceramic to attempt to observe surface acoustic

modes. Spectra collected from this sample showed an additional Brillouin doublet

located at fR = ±10.71 GHz, which was not seen in uncoated samples. The velocity

of this possible surface mode was calculated to be vR = 3317 m/s. Due to degradation

of the Al coating, this possible surface mode could not be further explored.

Raman light scattering experiments were performed at room temperature on PST

ceramic #1. Four peaks, due to the F2g, F1g, F2u, and A1g modes, were observed in

the room temperature spectrum, the latter three of which were within 10% of the

values given by literature for PST crystals. The peak with the smallest Raman shift

was determined to be the F2g mode and was significantly more intense than the latter

three peaks.

Room temperature Raman light scattering experiments were also performed on

PST ceramic #2. Four peaks were also found in this spectrum, were very similar

to the frequency shifts found for PST ceramic #1. Furthermore, high temperature

experiments were performed on this sample, ranging from 201◦C to 653◦. Similar to

PST ceramic #1, the peak found at 232 ± 10 cm−1 at room temperature was not

observed in any spectra. Over this temperature range, the frequency shift of the F2g

mode noticeably increased and its linewidth decreased with increase in temperature,

however there was no change in frequency shift for the peaks found at 358 ± 5 cm−1

and 837 ± 10 cm−1 in the room temperature spectrum.
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Considering the data for both PST ceramic samples as a whole, the Raman shift

of the F2g mode showed four distinct regions with increasing temperature. Between

room temperature and 250◦, there was little change in Raman shift with change in

temperature. Between 250◦C and 450◦C, the Raman shift of the F2g mode increased

with increasing temperature. From 450◦C and 900◦C, Raman shift remained relatively

constant with increasing temperature. This is comparable to results from previous

studies on crystalline PST at temperatures above the phase transition temperature.

This increase in frequency shift is caused by distortions in the lattice parameter. The

final region, above 900◦C showed a large increase in Raman shift, caused by the loss

of PbO in the sample.

Full width at half maximum was measured for the F2g mode of PST. Full width

at half maximum decreased with increasing temperature from room temperature to

450◦C. Between 450◦C and 900◦, the full width at half maximum showed no signif-

icant change with increasing temperature. The values calculated for ceramic PST

were characteristically less than values provided for crystalline PST, which has been

attributed to the existence of two shoulder peaks of the F2g mode. Above 900◦C, the

full width at half maximum dropped significantly. This was attributed to PbO loss

in the ceramic.

The F1g mode, located at 230 ± 10 cm−1 and 232 ± 10 cm−1 for PST ceramics

#1 and #2, respectively, were not observed at high temperatures. This result is not

unexpected, as the intensity of the F1g mode decreases significantly with increasing

temperature.

The frequency of the F2u mode remained constant at all temperatures for both

samples. This Raman shift peak has been shown, in previous work, to remain constant
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through various heat treatments.

The shift of the peak located at ∼835 cm−1 in Raman spectra from PST ceramics,

the A1g mode, also remained constant through all temperatures in ceramic PST. The

Raman shift of this peak overlapped with frequencies found for the A1g mode in

crystalline PST at various temperatures.

5.2 Future Work

Due to the open-ended nature of temperature dependent studies, there are many

experiments that can be done to complement this work. Firstly, Brillouin light scat-

tering experiments can be performed on PST ceramics over the temperature range

performed in Raman experiments to observe the change in the elastic properties

at high temperatures. Raman scattering experiments can be performed at higher

temperatures, in a PbO rich environment to avoid loss, to further observe the high

temperature evolution of the F2g mode. Furthermore, Raman scattering experiments

can be performed on PST ceramics in an attempt to observe the behaviour of the F2g

mode at temperatures below the ferroelectric-paraelectric phase transition, at ∼20◦C.

Finally, the experiments performed in this work can be performed on PST crystals

to compare to the results obtained from ceramics.
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Appendix A

PST#1 Spectra

A.1 Brillouin Spectra

L

T

-60 -40 -20 0 20 40 60

Frequency Shift (GHz)

In
te
ns
ity

(A
rb
.U
ni
ts
)

Figure A.1: Brillouin spectrum collected on PST ceramic #1 with an angle of inci-

dence of 20◦, from Figure 4.1.
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Figure A.2: Brillouin spectrum collected on PST ceramic #1 with an angle of inci-

dence of 30◦, from Figure 4.1.

T

L

-60 -40 -20 0 20 40 60

Frequency Shift (GHz)

In
te
ns
ity

(A
rb
.U
ni
ts
)

Figure A.3: Brillouin spectrum collected on PST ceramic #1 with an angle of inci-

dence of 40◦, from Figure 4.1.
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Figure A.4: Brillouin spectrum collected on PST ceramic #1 with an angle of inci-

dence of 50◦, from Figure 4.1.
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Figure A.5: Brillouin spectrum collected on PST ceramic #1 with an angle of inci-

dence of 60◦, from Figure 4.1.
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Figure A.6: Brillouin spectrum collected on PST ceramic #1 with an angle of inci-

dence of 70◦, from Figure 4.1.
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A.2 Raman Spectra
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Figure A.7: Raman spectrum collected on PST ceramic #1 at 557◦C, from Figure

4.8.
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Figure A.8: Raman spectrum collected on PST ceramic #1 at 557◦C, from Figure

4.9.
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Figure A.9: Raman spectrum collected on PST ceramic #1 at 605◦C, from Figure

4.8.
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Figure A.10: Raman spectrum collected on PST ceramic #1 at 605◦C, from Figure

4.9.
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Figure A.11: Raman spectrum collected on PST ceramic #1 at 653◦C, from Figure

4.8.
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Figure A.12: Raman spectrum collected on PST ceramic #1 at 653◦C, from Figure

4.9.
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Figure A.13: Raman spectrum collected on PST ceramic #1 at 704◦C, from Figure

4.8.
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Figure A.14: Raman spectrum collected on PST ceramic #1 at 704◦C, from Figure

4.9.
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Figure A.15: Raman spectrum collected on PST ceramic #1 at 758◦C, from Figure

4.8.
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Figure A.16: Raman spectrum collected on PST ceramic #1 at 810◦C, from Figure

4.8.
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Figure A.17: Raman spectrum collected on PST ceramic #1 at 810◦C, from Figure

4.9.
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Figure A.18: Raman spectrum collected on PST ceramic #1 at 850◦C, from Figure

4.8.
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Figure A.19: Raman spectrum collected on PST ceramic #1 at 850◦C, from Figure

4.9.
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Figure A.20: Raman spectrum collected on PST ceramic #1 at 900◦C, from Figure

4.10.
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Figure A.21: Raman spectrum collected on PST ceramic #1 at 900◦C, from Figure

4.11.
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Figure A.22: Raman spectrum collected on PST ceramic #1 at 960◦C, from Figure

4.10.
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Figure A.23: Raman spectrum collected on PST ceramic #1 at 960◦C, from Figure

4.11.
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Figure A.24: Raman spectrum collected on PST ceramic #1 at 990◦C, from Figure

4.10.
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Figure A.25: Raman spectrum collected on PST ceramic #1 at 900◦C, from Figure

4.11.
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Figure A.26: Raman spectrum collected on PST ceramic #1 at 1050◦C, from Figure

4.10.
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Figure A.27: Raman spectrum collected on PST ceramic #1 at 1050◦C, from Figure

4.11.
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Figure A.28: Raman spectrum collected on PST ceramic #1 at 1100◦C, from Figure

4.10.
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Figure A.29: Raman spectrum collected on PST ceramic #1 at 1100◦C, from Figure

4.11.
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Appendix B

PST#2 Spectra

B.1 Brillouin Spectra
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Figure B.1: Brillouin spectrum collected on PST ceramic #2 with an angle of inci-

dence of 20◦, from Figure 4.3.
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Figure B.2: Brillouin spectrum collected on PST ceramic #2 with an angle of inci-

dence of 30◦, from Figure 4.3.
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Figure B.3: Brillouin spectrum collected on PST ceramic #2 with an angle of inci-

dence of 40◦, from Figure 4.3.
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Figure B.4: Brillouin spectrum collected on PST ceramic #2 with an angle of inci-

dence of 50◦, from Figure 4.3.
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Figure B.5: Brillouin spectrum collected on PST ceramic #2 with an angle of inci-

dence of 60◦, from Figure 4.3.
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Figure B.6: Brillouin spectrum collected on PST ceramic #2 with an angle of inci-

dence of 70◦, from Figure 4.3.
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B.2 Raman Spectra
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Figure B.7: Raman spectrum collected on PST ceramic #3 at 201◦C, from Figure

4.17.
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Figure B.8: Raman spectrum collected on PST ceramic #3 at 201◦C, from Figure

4.18.
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Figure B.9: Raman spectrum collected on PST ceramic #3 at 274◦C, from Figure

4.17.
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Figure B.10: Raman spectrum collected on PST ceramic #3 at 274◦C, from Figure

4.18.
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Figure B.11: Raman spectrum collected on PST ceramic #3 at 340◦C, from Figure

4.17.
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Figure B.12: Raman spectrum collected on PST ceramic #3 at 340◦C, from Figure

4.18.
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Figure B.13: Raman spectrum collected on PST ceramic #3 at 397◦C, from Figure

4.17.
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Figure B.14: Raman spectrum collected on PST ceramic #3 at 397◦C, from Figure

4.18.
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Figure B.15: Raman spectrum collected on PST ceramic #3 at 453◦C, from Figure

4.17.
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Figure B.16: Raman spectrum collected on PST ceramic #3 at 453◦C, from Figure

4.18.



APPENDIX B. PST#2 SPECTRA 116

0 200 400 600 800 1000

Wavenumber (cm-1)

In
te
ns
ity

(A
rb
.U
ni
ts
)

Figure B.17: Raman spectrum collected on PST ceramic #3 at 517◦C, from Figure

4.17.
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Figure B.18: Raman spectrum collected on PST ceramic #3 at 517◦C, from Figure

4.18.
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Figure B.19: Raman spectrum collected on PST ceramic #3 at 572◦C, from Figure

4.17.
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Figure B.20: Raman spectrum collected on PST ceramic #3 at 572◦C, from Figure

4.18.
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Figure B.21: Raman spectrum collected on PST ceramic #3 at 624◦C, from Figure

4.17.
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Figure B.22: Raman spectrum collected on PST ceramic #3 at 624◦C, from Figure

4.18.
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Figure B.23: Raman spectrum collected on PST ceramic #3 at 653◦C, from Figure

4.17.
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Figure B.24: Raman spectrum collected on PST ceramic #3 at 653◦C, from Figure

4.18.
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