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Abstract ii

Abstract

A new Ultra-High Vacuum (UHV) reflectance spectrometer was successfully designed, making use of

a Janis Industries ST-400 sample cryostat, IR Labs bolometer, and Briiker IFS 66 v/S spectrometer.

Two of the noteworthy features include an in situ gold evaporator and internal reference path, both

of which allow for the experiment to progress with a completely undisturbed sample position. As
tested, the system was designed to operate between 4.2 K and 325 K over a frequency range of

60 - 670 cm~^. This frequency range can easily be extended through the addition of appUcable

detectors.

Tests were performed on SrTiOa, a highly ionic incipient ferroelectric insulator with a well

known reflectance. The presence and temperatmre dependence of the lowest frequency "soft" mode
were measured, as was the presence of the other two infrared modes. During the structural phase

transition from cubic to tetragonal perovskite, the splitting of the second phonon mode was also

observed. All of the collected data indicate good agreement with previous measurements, with a

minor discrepency between the actual and recorded sample temperatures.
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Chapter 1

Introduction

Reflectance spectroscopy has provided many insights into the intrinsic properties of materials. The

major goal of this MSc project was the design and implementation of a new reflectance spectrometer.

Although the effectiveness of the newly designed system could have been tested with any well

documented material, it was believed that SrTiOs would provide suitable interest in the frequency

range used.

1.1 Design Goals

The initial goal in mind was to design a system which allowed light of a known frequency to

strike a detector after reflecting off a sample at near-normal incidence, while at the same time

controlling the temperature of the sample. In order to reduce sample contamination by oxidation

or ice condensation, the sample chamber was chosen to operate in an ultra-high vacuum (UHV).

In order to obtain UHV pressm-es while allowing light to enter the sample chamber, a differential

pumping system was used to seal the optical window, as will be discussed later. Temperature

controls were added, allowing for an effective range of sample temperatures from 4.2 K to 325 K.

Of great importance is the ability of the system to maintain sample position at all times through-

out the experiment. Failure to do so would result in changes to the measured spectra over the course

of an experiment. This was achieved through the use of a reference path which did not require the

sample to be moved in any way (unlike many other systems employed in such measurements). For

similar reasons, the system made use of an in-situ gold evaporation device which allowed for the

necessary deposition of gold, leaving the sample undisturbed.

As tested, the system is now capable of reflectance measurements in the 60 - 670 cm~^ range.





Chapter 1. Introduction

With a minimal amount of work, this range may be extended from 40 cm~^ to 45,000 cm~\ by the

addition of different Ught sources, beamspUtters, and detectors to the system.

In order to determine whether the system was effective, tests were conducted on SrTiOa which

has a well-known and temperature dependent reflectance spectrum.

1.2 SrTiOa

SrTiOa is known to crystallize in a Cubic-Perovskite structure for temperatures above 110 K. In

the perovskite unit cell, the central titanium atom is surrounded by both an octahedron of oxygen

atoms and a cube of strontivim atoms as shown in Figure 1.1. Below 110 K, a reversible structural

11,1,11

Figure 1.1: Cartoon depiction of the SrTiOa Cubic-Perovskite structure. Titanium = Black, Stron-

tium = Blue, and Oxygen = Red.

transition occvirs. During this transition, the oxygen octahedron has been found to rotate about

the [1,1,1] axis of the cubic unit cell. A plot showing measurements of the rotation angle, cp, versus

temperature is shown in Figure 1.2. Since the bulk material is a continuous array of this repeated

structure, it should be kept in mind that adjacent tetrahedrons will rotate in opposite directions





Chapter 1. Introduction

T,«103*tfK

Figure 1.2: Plot showing the angle of rotation, cp, of the oxygen octahedron in SrTiOa [1]

[!]•

SrTiOa is an incipient ferroelectric, meaning it is a material that almost, but not qmte, shows

a ferroelectric (FE) phase transition. Typical ferroelectrics exhibit two distinct states. Below the

transition temperature, Tc, there is a spontaneous polarization, P, or a net electric dipole moment,

p, per unit volume, V. Above the transition temperature, Tc, there is no spontaneous polarization.

Instead, in linear ferroelectrics (such as SrTiOa):

P = XeE,

where E is the apphed electric field, and the dielectric susceptibiUty, Xe, exhibits the following

Cvirie-Weiss temperature dependence:

C
{T-TcY

The behaviour of P in a ferroelectric is analogous to the behaviour of the magnetization, M, in a

ferromagnet. This phenomenom is eloquently summarized by Blinc and Zeks when they write that

the ferroelectric phase transition "[represents] a special class of structural phase changes where the
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transition from the high to the low symmetry phase is accompanied by the appearance of a spon-

taneous polarization [2]." Figure 1.3 illustrates that SrTiOa exhibits Curie-Weiss behaviour above

Tc. UnUke a true ferroelectric material however, SrTiOs fails to achieve spontaneous polarization

below Tc. The dielectric constant, e, (e = eo(l -I- Xe)) of a ferroelectric will typically diverge as the

temperature approaches Tc (105 K). In addition, there exists a net polarization in the absence of an

external electric field below this temperature. As shown in Figure 1.4, the divergence of e is clearly

not seen in the case of SrTiOa.

1400 -

200

0.003 0.008 0.013 0.018 0.023

1/(T'To)

Figure 1.3: Plot showing the temperatiure dependence of the dielectric susceptibility [3]

During the structvual phase transition, a typical ferroelectric crystal splits into many smaller

ferroelectric domains (a behaviour again similar to ferromagnets) [4]. If one considers the symmetry

of a cubic-perovskite crystal, it is clearly seen that any dipole between the atoms of the cube and

octahedron is cancelled in all directions. Dining the rotation of the tetrahedra, this symmetry

would be broken allowing for a net dipole moment to occur if SrTiOa were a ferroelectric. The sizes

of the domains could then change due to an appUed field, allowing for a net polarization in a given

direction.

The intrinsic properties of SrTiOa have been studied vigorously over the past four decaxles. The

information about its optical properties has been of special interest due to its increased use as a

substrate for other semi-transparent materials [6]. Of particular interest in the far-infrared region

is the so called "soft" phonon mode which always accompanies a ferroelectric transition [7]. A soft
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Chapter 2

Experimental Design

2.1 Overview

Light was reflected off a sample to measure the intensity of the reflected Ught as a function of

its frequency /sampie('i')- In addition, /reference(^) was measiired for an independent reference path.

The ratio of the intensity of light from the sample over the reference path was taken (these are

called intermediate ratios). After this was repeated several times at different temperatures, gold

was evaporated on the sample. Similarly the ratios of the gold coated sample to reference path

intensity were taken at corresponding temperatures. Table 2.1 is provided as clarification for this

procedure. The motivation for this is explained in depth in the Theory section. For now however, it

Initial Data
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While the theory will be explained in a later chapter, the premise is that a measure of light intensity

versus frequency is obtained from a measure of hght intensity versus path-difference between the

mirrors in an interferometer.

A general overview of the components comprising the system is shown in Figure 2.1. As tested,

Lts^ Source /

liiterferoineter
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Figure 2.2: Overhead view of the factory configured Briiker spectrometer. A - Light source, B -

BeamspUtter, C - Sample position, D - Detector. The factory set Ught path is shown

with a dashed Una [10]

firequency ranges may be measured. For the measiuements taJcen during this initial calibration, a

Germanium coated 6 ^m Mylar beamsphtter was used in conjunction with a Mercury arc lamp,

a polypropylene window, and a Diamond/Silicon bolometer (sensitive in the frequency range used

for measurement). Utilizing this arrangement, measurements could successfully be reproduced in

the 60 - 670 cm~^ range. Table 2.2 illustrates the full potential of this system pending a relatively

small quantity of futmre work.

Component
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In axldition to housing the optical equipment, the Briiker provided a suitable environment for

optical measurements. Xhe inside walls were painted black so as to reduce reflections, and the

chambers were pumped to remove light absorbing gases. In the far infrared region, both CO2 and

H2O are known to contribute strong absorption peaks in transmission spectra [10]. For this reason,

an internal pressure of roughly 3 mbeu (2 Torr) was maintained during the experiment.

2.2.1 The Optical Table

In order to redirect the light from the spectrometer in a desired way, a removeable optical table

was placed in the Sample Chamber of the Briiker. In typical arrangements, both the sample and

a reference mirror are mounted in the same position, requiring the sample and reference to be

interchanged. Since the sample and reference are under vacuum, this woiild require a sliding 0-ring

seal which would preclude the achievement of UHV pressures. Hence, in this new configuration a

separate internal reference path was used.

Light entering the sample chamber of the Briiker was met by a plane mirror mounted on a swivel

base. The rotation of the mirror was driven by a stepper motor, controlled by a user interface

outside of the Briiker. This allowed for the choice of hght paths at the push of a button. Figure

2.3 illustrates the components of the optical table, and the two distinct Ught paths. Apertures were

placed on each of the light paths in order to control the relative intensity reaching the detector.

Underneath the optical table, a,n optical gate detects the absolute orientation of the moving

mirror. The controller then relates this to its user-set positions, ensuring that steps are never

"lost." After initial testing, it was noted that the endpoint positions were not being reproduced

with a high enough degree of accuracy. This led to the addition of adjustable mechanical stops

placed at each of the endpoints. In the present configuration, the stepper motor is designed to

drive to one step beyond the mechanical stops. This has been found to essentially remove any error

associated with the mirror's position. A serial port was added to the initial design of the controller.

This could allow for a computer to control the position of the mirror, removing the need for human

intervention after each scan.
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/^ Moving Mirror
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Window holder

\
CF Flange for

Janis Cryostat

Window groove

Interconnected holes for

Differential Pumping

Figure 2.4: Wedge-shaped sample cryostat adapter with differential pumping unit

presence of a window poses a challenge to achieving UHV pressures in the sample chamber. Common

rubber 0-Rings act as a seal between the wedge/spectrometer and wedge/window interfaces, and

cannot sustain a large pressure gradient. Hence a "differential pumping" section was incorporated

into the design of the wedge. This allows for the space smrrounding the window to be pumped out

with an intermediate pressure of roughly 7 x 10"^ Torr. A cross-section of the primary components

of such a system are shown in Figure 2.5. The low, intermediate, and ultra-high vacuum regions

labelled in the diagram correspond to Briiker Spectrometer, roughing line, and sample chamber.

One of the reasons for requiring such a low pressure within the sample chamber is to ensure that

a high quality gold layer can be deposited on the sample. At the appropriate time, a flap swings

between the adapter wedge and the sample cryostat to protect the window against gold particles.

This process is illustrated in Figure 2.6. Mounted on the sample side of the flap is a tungsten

filament, wrapped with gold loops. Cvurrent is passed through the filament, causing it to heat-up

beyond the melting point of gold. In the present configmration, the filament has a typical resistance

of 0.6 r2. A current of 1 A is apphed for 10 s, followed immediately by a current of 2 A for 30 s.

After a short wait, the fiap is opened and the experiment is continued. Following an experiment,

the gold film can be easily removed from the sample allowing for repeated use of the same sample.

The sample itself is mounted on a cone shaped moimt, fitted to the cold-finger of a Janis In-
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Window pyip

Low Vacuum

Window Holder

/ / /

Internnediate
Vacuunn
Pumping
Line

f;-~~~j^^^^g
Ultra-High

Vacuum
(UHV)

Sample Chamber

0-Rings

Sample Chamber
Wedge Adapter

Figiire 2.5: A cross-sectional view of the Sample Wedge's differential pumping unit, showing the

three pressure zones. The low vacuum zone may be at atmospheric pressure during

sample alignment.

Figure 2.6: Cartoon depiction of the gold evaporator imit swinging from open (left) to closed (right),

in preparation for an evaporation.
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dustries ST-400 continuous-flow cryostat. Sample cooling was performed by circulating a cryogenic

liquid (nitrogen or helium) through a chamber in thermal contact with the cold finger. A 50 fi

heating element was attached to the cold-finger allowing for temperature control and higher tem-

peratures to be achieved. The power suppHed to the heating element was controlled by a supplied

Cryocon 32 temperature controller which utilized a temperature sensor (Si-diode) located within

the cryostat, above the cold finger. Through careful adjustment of the cryogen flow rate, a wide

range of temperatures could be easily maintained without loss due to boil-off.

2.4 Detector

The reflected light from either the reference mirrors or the sample eventually strikes the bolometer.

The bolometer's output voltage is proportional to the intensity of hght which strikes it in the

following way [12]. A bismuth coated diamond substrate absorbs the incident radiation, causing

it to change temperature. A substrate with a low heat capacity is desired so that minute changes

in absorbed radiation are detectable. These changes in temperature are then detected by a doped

semiconductor (namely silicon) whose resistivity is extremely sensitive to temperatm:e. A current

passing through the semiconductor is used to measure the resistivity changes. Figtu-e 2.7 shows

the elements used in construction of a typical bolometer. Due to differing bolometer constructions

consideration must to taken to ensure that the bolometer used is sensitive to the frequency range

of interest. In order to capture the behaviour of SrTiOa at extremely low frequencies, a bolometer

designed to work at 4.2 K was used due to its high sensitivity in the frequency range of 50 cm~^ to

700 cm-^
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Si, Diamond, or

Sappliire Substrate

SI Bolometer Element
bonded to Substrate

Lead Wire

Support
if Needed

Metal Absorber

Figure 2.7: Schematic of a typical Bolometer. (Light is incident on the metal absorber side) [13].
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Chapter 3

Theory

3.1 Overview

As mentioned in the previous section, the raw data gathered throughout the experiment is a col-

lection of intensity readings at varying path differences for the light passing through the Michelson

interferometer in the Bruker. Through the use of Fourier-Transformations these Interferograms (In-

tensity, /, versus Path Difference, x) were turned into Power Spectra (Intensity versus Frequency,

uj). Typical examples of both an Interferogram and Power Spectrum are shown in Figure 3.1.

Figure 3.1: A typical Interferogram and its Fourier-Transformed Power Spectrum

After each set of Power Spectra were collected for both the sample and reference mirror a

ratio of the two was taken. Averages of many of these "Intermediate Ratios" were taken at specific

temperatures both for a bare and gold-coated sample. The ratio of the sample's average Intermediate

Ratio over the gold-coated sample's average Intermediate Ratio was found. This spectrum is then
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multiplied by the known reflectance of gold, R^oid- As discussed later in this section, the result is

referred to as the "Absolute Reflectance". All of the preceding calculations.were performed by a

computer using software designed specifically for this task. The theory and motivation behind these

calculations will be presented in the following sections.

3.2 Fourier-Transform Spectroscopy

The explanation of the Fourier-Transform process is outhned below, and closely follows the works

of Moller and Rothschild [14] and Bell [15]. Figure 3.2 [14] shows a layout for a Michelson Inter-

ferometer, which will be used in describing the theory. The derivations provided for the Michelson
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do so with an intensity of:

I{x) — 4:Scos'^{'KUox)

= 25(1 + cos(27ru;oa;))

- 25 + 25cos(27ra;oa;)), (3.1)

where S is defined as the amphtude of each recombining beam squared (assuming that the beam-

sphtter sphts the beam equally).

S is now turned into a function of u in order to account for a polychromatic light source (as is

the case with the Bruker). Adding all the frequency components in Equation 3.1 produces:

roo roo

I{x) = / 2S{u) dw+ 2S(uj) cos{2iTux) dw. (3.2)

If we were to consider a position of the mirrors where a; = (called the "zero-path" ) we see

that:

/(O) = 2 / 2S{u) dw.
Jo

Substituting this into Equation 3.2 yields:

1 r°°
I(x) - -7(0) + / 2S{uj) cos(27ra;2;) du

2 Jo

where s{x) is called the "interferogram function".

Figure 3.3 illustrates a typical relationship between the values described above [14]. Note how-

ever that in Figure 3.3 the values of 1(0) and I{x) are labelled as g{0) and g{x). It is this interfer-
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*-x

Figure 3.3: Typical relationship between I{x) (labelled g{x)) and s{x) [14]

ogram function which leads to the desired S{uj) given the following Fourier Transform pair:

s{x) = 9i^) - 2^(0)

/+00
S{uj) cos(27ra;a;) du

-CXDl—OO

r+oo/+00
s{x) cos(27ra;a;) dx

In actuality, the calculation of the integrals does not extend from a path difference of — cx» to

+00. Usually multiplication by a weighted window function is used:

/+00
w{x)s{x) cos{2iTUJx) dx

where.

w{x)
weight func, —L < x < L;

0, elsewhere.

/ 2 \ 2

The weight function may take any form such as 1, 1 - l , ox [1 - f^j [14]
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3.2.1 Optical Constants of Solids

As a starting point for this discussion, it is useful to point out the difference between the complex

reflection coefficient r, which relates the incident, J^inc, and reflected, £^ref, electric fields with [16]:

Eref = rEinc

and the measured quantity of reflectance R which is actually r*r = |rp.

The complex index of refraction N{u) = n{u!)+ik{u!), is related to both the reflection coefficient

and the reflectance in the following way [16]:

_, _ (n(a;) - 1)^ + kju;)'

^^""^ -
{n{u) + ly + kiuf

^^-^^

So then:

"^'^^ " l + r(u;)2-2rHcose(a;)
^^'^^

u ,\ - 2r{u)smQ{uj)
"^'^^ ~ l + r{uf-2r{u)cosQ{oj)

^"^'^^

The complex index of refraction is related to the complex dielectric function €(u;) = ei(a;)+ie2(a;)

in the following way [16]:

€{uj) = {n{uj) + ik{u)f

.
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We may then write:

ei(u;) = n{oj)^-k{ujf (3.7)

£2(0;) = 2n(u)k{uj). (3.8)

The experimentally collected reflectance data is used to find the parameters of a theoretical

(complex) e{u)). As will be discussed later, this e{u) is referred to as the factorized dielectric

function. The fitting process proceeds as follows. Theoretical ei and 62 spectra are created by a

computer using some starting parameters in a fitting program (Igor Pro) [17]. These spectra are

converted into a complex index of refraction spectriun using the following relations [18]:

^
1

n = {^[{el + eiy^ + e,]y (3.9)

1

k - {^[{4 + 4)'-ei]y- (3.10)

Through the use of Equation 3.4, a theoretical reflectance spectrum is calculated. This spectrum

is compared to the collected data and the parameters are adjusted using the Igor Pro fitting routines

until the best fit is obtained.

3.3 Lorentz Model

Models have been developed over the years in order to relate physical quantities to the complex

dielectric function (and other response functions). The oldest and simplest of these is the Lorentz

model where one assumes that all absorption processes behave as forced-damped harmonic oscil-

lators. In the far-infirared region, a common absorption process would be the couphng of light to

transverse optical phonons. The oscillator is a charged ion pair with reduced mass, m, and effective

charge, q.

We may write an expression for the the displacement of the positive ions with respect to the
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negative ions, r, within a local electric field Eioc as [18]:

m— + mT-— + mu}Qr = qE^oc- (3.11)

This expression represents a forced-damped harmonic oscillator. The frequency, uq, found in the

restoring term, muQ, represents the transverse optical phonon frequency. Solutions of this equation

at different uq would then model different lattice vibrations (or electronic transitions, where m would

be the mass of an electron). The associated damping term in this relationship, "^r^, accounts for

inelastic scattering (energy loss) within the material, where F is the energy relaxation rate. If we

consider a local electric field, Eioc, and displacement, r, of the form:

Eioc = Eoe-^'^* (3.12)

r = roe-''^\ (3.13)

Solving Equation 3.11 then yields:

9E10C 1
to ^A\

m [uq — 00^) — iTuj

Assuming then that the displacement, r, is small, the following relationship exists between the

dipole moment, p, ionic polarizability, a{u)), and local electric field:

p = a(a;)Eioc

where p and r are related to the number of dipoles per unit volume. A'', through the following

relation:

Nqr.
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So, the polarizability would be given by:

m {uq — uj^) — iFu)
«H = T^ /,,2_,.,2^ .r,.

- (3-15)

Making the assumption that Eioc equals the macroscopic electric field, E, a displacement, D, is

defined such that:

D = eE

= E + 47rP

Which after substituting the following two expressions:

Xe = Na,

becomes:

e = 1 + AirNa.

Making the substitution for a{uj) from Equation 3.15:

<'^) = 1 + 7^ ^ ^' (3-16)

where ujp, commonly referred to as the "plasma frequency," is a parameter related to the strength

of coupling of a mode to the incident electro-magnetic radiation, and is given by:

u> = .

m
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Taking the real and imaginary parts of Equation 3.16, we see:

ei(w) =

In a real solid, there will be numerous oscillators. Some of these will be electronic, while others

will be ionic. If we consider the case where uq "> u and wq » F (as is the case of an electronic

transition contributing to e{uj) in the IR frequency range), it is seen that:

1 +
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II 12 B 14 e 2 3 4 : 6 7 8 9 10 II 12 13 14 IS

Figure 3.4: Theoretically produced n{u) and k{u) (left), and R{u}) (right) for a single Lorentz

oscillator centred about 4 eV [18]

phonon modes are permitted to have their own frequencies, $7, and damping, 7. The following

form of the complex dielectric function has been previously shown to be effective in capturing the

behaviour of SrTiOs [7]:

e{uj) = £00117:5^ TT~-
• (3.18)

It has been shown that in the case where the longitudinal (7L0) and transverse (7x0) scattering

rates are equal, the factorized dielectric model reduces to the simple case of the Lorentz model [20].

Figure 3.5 shows a sample of the experimental data with fits to both the Lorentz and Factorized

Dielectric models. As can clearly be seen, the Factorized Dielectric model fits the data significantly

better than the Lorentz model. This is to be expected as the Factorized Dielectric model has four

fitting parameters versus the three found in the Lorentz model.
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^ 0.6

C 0.4
u
06

0.2

• 300K Data— Fact. Dielectric— Lorentz

100 200 300

Frequency (cm )

400 500 600 700

Figvire 3.5: Compaxison of the ability of the Lorentz and Factorized Dielectric models in capturing

the structure of the 300 K data
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3.5 Lyddane-Sachs-Teller (LST) Relationship

The association of a soft mode with the ferroelectric transition can be seen in the Lyddane-Sachs-

Teller (LST) relation, which is explained as follows. Consider the dielectric function of a single

oscillator without damping [16]:

, ,
47riVg2 1

eH = ,„ +_____. (3.19)

Which, through the use of the following relationships [21]:

,)

,

(3.20)

m
^oo ['^LO ~^TO\

becomes:

uio - uj-

Setting a; = in this expression gives rise to the famous Lyddane-Sachs-Teller relation for a single

oscillator:

-^ = 4^. (3.22)
too ^TO

Verification of the LST relation is performed by comparing neutron scattering data and infrared

reflectance data from the same sample. Values of e^o and cq can be obtained directly from the

reflectance data as follows. Since at extremely low or high frequencies k is essentially zero, the

reflectance is approximated by:

Vn + 1/
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Through the substitution of Equation 3.7 this would indicate that:

R{uj-*0) ^

R{uj:$>m) ^ \fez- r
/e^+l.

Alternatively, eo can be determined through capacitance measurements. The values of ui,o and wjo

can be accurately found using neutron scattering data (at k = 0). Figure 3.6 provides a; versus k

for both Ge and KBr. As shown, the tranverse and longitudinal branches are the same for Ge at

.B
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Comparing these directly to measurements presented by Kittel (Chapter 10) [16], we see:

foOGe 15.8

= 1 (3.25)

and:

^OkBt r^

^OOKBr

^ 1.90 (3.26)

This is direct evidence from a variety of sources indicating the accuracy of the LST relation. Fur-

thermore, Equation 3.22 suggests that if a TO mode softens {uto —^ 0) then cq will increase (as

shown in Figiure 1.4). An adaptation of the LST relationship proposed by Barker for use with

SrTiOa is given by [22]:

^o(-^) _ ^ILO "2LO "3LO

600 ^hxO ^''2TO ^^3TO

where Cli, ^2 and Jla are the frequencies of the three phonon modes.

3.6 Soft-Mode Behaviour

One of the striking discoveries surrounding the optical properties of SrTiOa is the presence of a

"soft" transverse optical phonon mode. The term "soft" in this case refers to the fact that the

frequency of the lowest phonon-mode decreases. Plots of the soft-mode frequency, Cls (^iro), have

yielded a behaviour of the form [7]:

nl = A{T-T,),
^

(3.27)

where A is a constant, for all temperatures above 50 K as shown in Figure 3.7. This relationship

is a direct result of the LST relationship combined with the ^Zf temperature dependence of the
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Figure 3.7: Previous measurements of the temperature dependence of the "soft" phonon mode (soUd

hne) [4].

dielectric constant, e, shown in Figure 1.3.

Further studies have shown a strong dependence of the soft-mode frequency on the presence and

strength of an appUed electric field. Although this phenomenom was not studied, as the apparatus

is not designed with this purpose in mind, plots of the soft-mode frequency versus applied field

are shown in Figure 3.8 for interest sake [23]. As shown, the interaction of the soft-mode and the

applied external field is highly temperature dependent.

3.7 SrTi03 Lattice Dynamics

In a group-theory study of the properties of Lai_a;Srj;Fe03 and Lai-iSrxCoOs (ABO3 perovskites

similar in nature to SrTiOs), the four triply degenerate (k = 0) vibrational modes of the lattice

were proposed [24], which are shown in Figure 3.9. Of these, the infrared-active ones are the

stretching, bending, and external modes. As suggested by Cowley, through fitting data from neutron

spectroscopy data to various models, the lowest frequency (soft-phonon) mode was associated with
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Figure 3.9: Depictions of the stretching, bending, inactive, and external vibrational modes for a

SrTiOs crystal. [24]
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the stretching mode [4]. It was shown that this was primarily a movement of the titanium atom

against the remainder of the lattice [4].

The cubic-tetragonal structural transition (Tc = 110 K) has a dramatic effect on the lattice

dynamics. Each triply degenerate mode splits into doubly degenerate and singly degenerate modes.
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Chapter 4

Measurements

The main reason for choosing SrTiOa to test the effectiveness of the newly developed system was

the large number of previous studies. It was expected that there would not be any "surprises," and

that any deviations from historical research would indicate difficulties with the setup. Though not

accounting for any great diflFerences, it should be noted that light was incident along the c-axis of

the single crystal cubic/tetragonal Perovskite samples, while this was not necessarily the case with

some of the other research.

4.1 Previous Reflectance Measurements

Although the reflectance of SrTiOa has been measured many times in the past, modern advances in

technology have led to results containing a much higher degree of resolution. As a result, structure

which had previously been overlooked has only been observed in the most recent of publications.

For this reason, the calibration of the new apparatus will be compared with the work of Petzelt et

al [25] and Servoin et al [7]. Figure 4.1 shows previous reflectance measurements of powder samples

from 10 K to 300 K [25] and of a single crystal from 300 K to 1200 K [7].

4.2 New Reflectance Measurements

Approximately 400 scans were taken for each of the intermediate ratios over the course of two days

for the 10 K, 150 K, and 300 K data. It is of particular interest to note the order of the measurements,

as an unresolved issue has been raised as a result. Subsequently, further measurements were made on

the same sample at 90 K, 125 K, 225 K, and 300 K, in an effort to capture the behaviour of the sample
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Figure 4.1: Previous reflectance work on SrTiOa, from [25] (left) and [7] (right)

close to the reported structural transition temperature (roughly 105 K). After having recognized

the noise present in the first set of measurements, approximately 1000 scans were performed for

each of the intermediate ratios dxuing the second set.

4.2.1 March 25 Measurements

On March 25, the sample was cooled to a temperature of roughly 10 K. Scans were taken on both

the sample and the reference path. The sample temperature was subsequently raised to 150 K and

300 K, repeating the same procedure. After all measurements had been conducted on the sample, a

thin gold film was deposited, and 300 K measurements were taken on the gold-coated sample. It was

noted at this time that a layer of frost was covering parts of the Janis cryostat, indicating that its

temperature had not yet stabilized. The following day, measurements were made on the gold-coated

sample in the following order: 300 K, 10 K, 150 K, and 300 K. Results of the 300 K gold-coated

intermediate ratios are shown in Figure 4.2. The measurements labelled as "Before Cooling" refer

to the temperature sensor reporting a temperature of 300 K after having sat overnight, while "After

Cooling" refers to 300 K measurements taken directly after the low-temperature measurements.

An inset is provided, showing a magnified view of a region where a discrepancy is apparent. The

concern was that not all the parts of the cryostat would be at the reported temperature. It has

been determined that the differences between these spectra lie in slight changes to the position of
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Figure 4.2: Compaxison of the 300 K intermediate gold-coated sample ratios taken on separate days

the sample during the time it takes for the Janis Cryostat to reach thermal equilibrium (due to

thermal expansion). This process is known to take a great deal of time, sometimes requiring over

20 hrs. for room temperature to be achieved. It is believed that the sample holder is not returning

to the same position each time.

To demonstrate the overall level of noise in the spectra, comparisons of the 300 K Reflectance

(shown in Figure 4.3) illustrate data taken at different times. An expanded view of the spectra is

provided as an inset, illustrating roughly a 1 % level of noise. Measurements were later made using

roughly twice the number of scans which demonstrated a reduction in the amount of noise.

Figure 4.4 shows the unsmoothed, experimental reflectance results for 10, 150, and 300 K. From

this data, strong agreement can be seen with the previous reflectance measurements. The overall

appearance of the soft-mode is the same, as are the other two. This includes the emergence of

the phonon mode near 440 cm~^ associated with the cubic-tetragonal phase change at 110 K. As

shown, the reflectance values still rose above 1 (by roughly 1 - 2 %) at several places for the lower
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Figure 4.3: 300 K Reflectance measurements

temperatures, even after the resulting reflectance spectra were multiplied by 0.985 (the known

reflectance of gold in this region) . As this is a physical impossibility, it is believed that this is once

again a result of thermal expansion.

4.2.2 June 10 Mecisurements

Measurements begining on June 10 involved 1024 scans of both the sample and reference signals at 90

K, 125 K, 225 K. Additional measurements were performed at 300 K in order to allow for a correction

factor to be applied. This proved useful, as the measured spectra for the absolute reflectance were

well above unity (the results of a thin gold evaporation of poor quality). A frequency-dependent

correction function, C(a;),was calculated from the 300 K reflectance spectra, R{u>), in the following
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Figure 4.4: Reflectance results for 10, 150, and 300 K, showing a region (inset) of recent interest
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way:

^/ X RMarch26,300K('*^)
C{U}) = — j^.

-RjunelO,300K('^)

The corrected reflectance spectra, i?corrected(w), were then calculated from:

-RcorrectedC'*^) = C{uj) X i?JunelO ('a^) •

The March 25**^ and June 10*^ measurements are presented together in Figure 4.5. Note the presence

of three high-reflectance regions (near 120, 300, and 600 cm~^). A reflectance band is associated

with each transverse optical mode (as shown in Figure 3.4). In addition, note the splitting seen near

440 cm~^ in the 10 K spectrum. This is associated with the cubic-tetragonal transition which had

been previously observed by Petzelt et. al. in Figure 4.1 [25]. The final important feature is the

temperature dependence of the reflectance for frequencies less than 150 cm~^, due to the presence

of a soft phonon mode.

Fits were made to the reflectance using initial parameters from previously published work in the

factorized dielectric function of Equation 3.18.

e{u) = eooUpr^ 2"— . (4.1)

The dielectric function was then broken into its real and imaginary parts (ei(u;) and €2{uj)), which

were used to calculate n{uj), k{u!), and R{u>). The parameters were adjusted by a least-squares fit

to the reflectance data. Table 4.1 shows the values. The uncertainty reported normally ranged

from 0.5 cm~^ to 1 cm~-^. Uncertainty in multi-parameter fits is difficult to estimate, so these

uncertainty values may be low estimates. The reflectance spectra generated using these parameters,

are compared to the experimental data from each temperature, in Figure 4.5. During the course

of the fits, it was noticed that the soft-mode edge was not apparent in the 10 K, 90 K, and 125 K

spectra, hence the values of CIito for these temperatures were fixed to the literature values from the
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Figure 4.5: Summary of the collected reflectance data, showing the results of the theoretical fits.

Adjacent spectra are shifted up by 20%.
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Figure 4.6: Plot of fi, vs. T for the experimentally determined points
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shown a relatively wide range of Tc values for the structural phase transition. Hiinnefeld et al

had shown that based on the method of crystal growth (float-zone, flux, or Verneuil grown), the

transition temperature can vary over a range of roughly 98.7 K to 105.8 K [26]. An argument could

be made that the sample used may be of the variety that goes through a structural phase transition

at the lower end of the scale. At the time of experimentation, it was expected that the transition

temperature was very nearly 110 K. While this still leaves approximately 9 K unaccounted for, it

should also be kept in mind that there is probably a temperature gradient between the temperatiire

sensor and the sample mount. This, coupled with the slow response of the cryostat to variations

in temperature may explain the discrepencies. One crucial improvement to the system will be to

mount a temperature sensor closer to the sample.

A careful examination of Figure 4.6 will reveal that all of the experimentally collected points

fall to the left of the Une of best fit. This indicates that the temperatures being reported by the

sensor are in fact lower than the actual temperature of the sample.
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Chapter 5

Conclusions

A reflectance spectrometer was successfully constructed utilizing a Briiker IFS 66v/S spectrometer,

Janis Industries sample cryostat, and IR Labs bolometer. The system was designed to have a

working frequency range of 60 - 670 cm~^ while maintaining sample temperatures from 4.2 K to

325 K. Ultra-high vacuum components were utilized for the construction of the sample chamber.

These allowed for an ultimate pressure of roughly 4 x 10~^ Torr. At this stage, reuseable rubber CF

flange gaskets are utilized. It is expected that through the use of copper CF gaskets and "baking" of

the system, the vacuum could be improved. In addition, the polypropylene window (0.003" thick)

was believed to be a slow vacuum leak. Use of a thicker polyethylene window may help achieve

lower pressures. For other beamsplitter/detector pairs, more solid windows (such as CaF2) may act

as a better barrier against this leakage.

Tests of the system were perform using the highly-ionic and dielectric SrTiOs. As this material

had been highly studied in the past it was known to undergo a structural phase transition in between

98.7 K and 105.8 K. Direct reflectance measurements of the sample effectively showed the splitting

of a phonon rhode near 440 cm~^ and below 110 K. This splitting was associated with the change

from a cubic to tetragonal perovskite structure.

A characteristic of SrTiOa is that it exhibits a temperature-dependent "soft-mode" behaviour.

Much work has been done in the past, supporting the connection between the Lyddane-Sachs-Teller

relation and the incipient ferroelectric behaviour. This was confirmed in the present measurements

through the temperature dependence of the soft-mode frequency. Once again however, the data

indicates that the sample temperature was not quite as low as was being reported by the temperature

sensor within the Janis cryostat. It is suggested that either a temperature sensor be mounted closer
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to the sample, or the sample be provided with better thermal contact to the cold-finger.

Noise was apparent at the highest and lowest frequencies in the reflectance spectra. This pre-

cluded any attempts to fit the soft mode frequency of the factorized dielectric function at lower

temperatures. It is suggested for all future work that a minimum of 1000 scans per intermediate

ratio be conducted, as the signal-to-noise ratio should improve accordingly.

With all of the above considerations in mind, the system can be used to conduct research reliably

on new materials.
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