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Abstract

Brillouin Light Scattering has been used to examine acoustic waves in three different
Topological Insulators: Bismuth Selenide BisSes, Antimony Telluride SbsTez, and
Bismuth Telluride BisTes. Two samples of each material were studied to ensure
the accuracy of the results obtained. In general, surface mode, quasi-transverse,
and quasi-longitudinal bulk modes were observed in all these materials. Rayleigh
surface phonon velocities were obtained for the first time from the corresponding
Brillouin peak frequency shifts. Quasi-transverse and quasi-longitudinal bulk mode
velocities were also obtained. Elastic constants (33 and Cyy were calculated from the
measured bulk-velocties. Both bulk acoustic phonon velocities and elastic constants
were compared to those obtained in previous studies. All results obtained have been
found to be in good agreement with both experimental and some theoretical available

studies.
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Chapter 1

Introduction

1.1 Topological Insulators Overview

Topological insulators (TIs) are a new class of materials that have just been known
due to the unique properties they possess, and they have therefore been intensively
examined both theoretically and experimentally [1, 2, 3]. TIs combine two of the
classifications of condensed matter materials: conductor and insulator. The surfaces
of Tls are conductive and contain mobile electrons while these materials are insu-
lating in the bulk even though it is a single material [4, 5]. This means that an
energy gap exists in the bulk of a topological insulator while its surfaces or edges do
not contain an energy gap. Because of the interactions that emerge in such materials
between the valance states and the conduction states, some states in the valence band
exchange positions with some states in the conduction band through the edges of the
material. This leads electrons to move freely and make such materials conductor only
on surfaces. The states, a valence state and a conduction state, join electrons in pairs
where one spin up and the other is down. The interesting part is that electrons of

such materials are restricted to move in a certain direction with a specific spin. They
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Figure 1.1: Lattice structure of the topological insulator BiySes. (a) hexagonal struc-
ture consisting of 15 layers, and the primitive cell containing five atoms placed in
three positions. (b) top view of BisSes indicating three possible positions for atoms.

cannot change direction nor spin which makes the current on the surface hard to be
deformed. It has been noticed that insulators have a weak current on the surface,
but it is very easy to be deformed unlike topological insulators which are topolog-
ically protected [4]. This feature makes these materials useful and will bring a big
enhancement in the scientific environment. This is because the current will remain
unchanged when the material is deformed, corrupted, or contaminated due to the
topological protection. Recently, because of the unusual structure and the strange
behaviour of such materials, a great amount of attention has been paid in condensed

matter physics to study and analyze them [6, 7].



BisSes, SboTes, and BisTes are a family of Topological Insulators. They exhibit a
bulk band gap due to spin-orbit coupling where the surface consists of metallic states
due to the topological protection. These materials have a rhombohedral lattice sym-
metry layered structure with space group D3, (R3m). The layered structure has five
atomic layers constructing the unit cell, they are called quintuple layers as can be
seen in the red box in Figure 1.1, and every single layer constitutes a triangle lattice
[8]. The Van der Waals bonding between layers is weak; however, since the bonding
within one layer is covalent, it is much stronger than the bonding between layers [9].
A unit cell is shown in Figure 1.1.(a) containing 5 atoms with the translation vectors
?1, ?2, and ?3. It is also shown that one of the Se atoms is placed at (0 0 0), two
atoms of Bi are placed at (+tM M +M) from the origin, and the two other atoms
of Se are placed at (N =N £N), where M and N are the distance from the origin.
By looking at the top of the compound, there are three possibilities for atoms to be

placed in the layer: site A, site B, and site C as shown in Figure 1.1 (b).

1.2 Previous Studies of Elastic Properties of Bis-
muth and Antimony Chalcogenides

Much attention has been paid to the investigation of the optical, structural, and
electronic properties of BisSez, SboTes, and BisTes. However, only a little emphasis
has been placed on characterizing the elastic properties of such materials, and no one
has reported results of Brillouin scattering experiments on these materials.
Theoretical studies of elastic properties has mostly focused on the use of first-

principles calculations using the density functional theory within the local density



approximation. Koc et al. [10] calculated the elastic constants of ShyTes, and BiyTes
utilizing the first principles calculations. They also calculated related parameters such
as Young’s modulus, shear modulus, and bulk modulus. Longitudinal and transverse
waves velocities of ShoTes, and BiyTes were also calculated in order to calculate
the Debye temperature by averaging the sound velocities [10]. Xiong et al. [11]
determined the elastic constants for four different structural phases (I, II, 111, IV) of
BisTes at 0 pressure; using the same method. The elastic constants were calculated
in order to predict the mechanical stability, brittle character, and elastic anisotropy.
For the structural phase I, which has trigonal symmetry, six independent elastic
constants were determined. For other structural phases, which are monoclinic, 13
independent elastic constants were determined. Young’s modulus, shear modulus, and
bulk modulus were also calculated. The results obtained in this work were found to be
in good agreement with experimental data [12]. Moreover, first-principles calculations
along with the quasi-harmonic Debye model were used by Feng et al. [13] to determine
the elastic constants and bulk modulus of BisTes at 0 K and 0 pressure.

Tong et al. [14] used the interaction potentials to investigate structural, mechan-
ical, and elastic properties of BiyTes at different temperatures. In their study, they
found that all elastic constants decrease linearly with increasing temperature. The
results of elastic constants presented in this work are smaller than the values which
are experimentally obtained [12]. They referred to the fact they considered pure
crystals in their simulation, while in experiments impurities exist which may account
for the observed difference.

The elastic constants as well as Young’s modulus and shear modulus of Biy Tes were
determined at different temperatures by Huang et al. [15]. They applied a combi-
nation of Boltzmann transport equations, first-principles calculations, and molecular

dynamics simulations. The energy surface of Bi;Tes was scanned by varying the



bond lengths. The classical potentials with predetermined forms were fitted to this
data via the GULP code. The elastic properties were then studied by implementing
the potentials in the GULP package. Good agreement was found with the available
experimental data [12].

Koc et al. [16] computed the elastic constants of BiySe; using the volume-
conserving technique and the strain-stress relationship for SIESTA and VASP calcu-
lations, respectively. According to [16], there are neither theoretical nor experimental
results for BisSes in order to compare and verify the results they obtained.

The longitudinal and transverse acoustic phonon velocities of BisTes were esti-
mated by Yang et al. [17] in studies of the thermal conductivity of this material.
In their study, both in-plane and cross-plane thermal conductivities were calculated
using frequency-dependent solutions of the Boltzmann transport equation, and com-
bined by means of the rule of the analytical averaging. The phonon dispersion relation
was estimated using the Born-von Karman Einstein model. Consequently, the longi-
tudinal and transverse phonon velocities were found which makes the model used in
this study (BvKE) more accurate than the Debye approximation due to the reason-
able analysis of the group velocity.

Jacquot et al. [18] presented a model of the anisotropy of the lattice thermal
conductivity of a single of BisTes. This model discusses the acoustic phonon in terms
of cutoff frequencies. Longitudinal and transverse acoustic phonon velocities, in the
basal plane of the unit cell and perpendicular to it, have been estimated from plots
and tabulated in Table 4.9.

Jenkins and Rayne [12] experimentally determined the elastic constants of BisTes
at different temperatures ranging from 0 K to 300 K in order to observe the effect of
the temperature on the elastic constants using a continuous-wave resonance technique.

The values obtained in this work correspond to a limiting Debye temperature of 164.9



+ 0.2 K, and they were found to be in an excellent agreement with the calorimetric
value of 165 + 0.2 K.

The ultrasonic pulse-echo technique was used by Akgoz et al. [19] in order to
obtain the six independent elastic constants of Biy goSbg.40Tes at 300 and 77 K. They
compared their results to another experimental result of BisTez [12] to study the effect
of substituting of antimony atoms for bismuth. It was found that both materials
show high acoustic velocities in the xy plane, and much lower velocities along the
direction z where the interatomic binding is weak. Even though the weakest binding in
BisTes is between tightly bound sets of five layers, while in Biy g9Sbg 49 Te3 is between
pairs of layers, they exhibit a similar elastic behaviour. In addition, longitudinal
and transverse acoustic phonon velocities were calculated in different directions of

propagation and temperatures.



1.3 Motivation

As is clear from the previous section, some theoretical work has been done on elastic
properties of the bismuth and antimony chalcognides [10-11, 13-16], but experimental
work is quite limited [12, 19]. Furthermore, there have been few theoretical works that
report the acoustic phonon velocities in BisSez, ShyTes, and BiyTes [10, 17-19], and
no experimental results have been reported. In particular, there have been no reports
of surface phonon velocities. Knowledge of acoustic phonon velocities could lead to
the determination of the elastic constants of these materials. In addition, while there
are a good number of studies on the elastic properties of BiyTes, the reported works
of elastic constants of BisSes and SboTes are theoretical and quite limited in number.

In this work, the technique of Brillouin light scattering is used for the first time
to probe the elastic properties of the bismuth and antimony chalcogenides, BisSes,
SbyTez, and BisTes. Both surface and bulk acoustic phonon velocities have been
determined for BisSez, SboTes, and BisTes. Some elastic constants have also been
estimated. When possible, comparison is made to results obtained in previously
published work. In particular, the results obtained for BisSes and SbhoTes can then be
used for the comparison with the theoretical results obtained by others techniques,
such as first principle calculations, in order to figure out how accurate the models
used for such calculations. Also, BisTes results can be compared to experimental
data and the results of theoretical studies where an inconsistency in the values of
elastic constants obtained in different studies has been observed [10-13, 15]. From
a technological standpoint, detailed information on the elastic properties of bismuth
and antimony chalcogenides is important if these materials are to be used in practical
applications such as acousto-optic devices. From a fundamental perspective, accurate

knowledge of the elastic properties can serve as a reference point for the testing of



theoretical models that attempt to predict the mechanical properties of this family

of topological insulators.



Chapter 2

Theory

2.1 Elasticity

2.1.1 Definition

Applying a force on an object causes a deformation either in the shape or the volume
due to the displacement occurred for atoms in the object. A material is described to
be elastic when it returns to its original volume and shape after removing an applied
force. What distinguishes a material from being elastic or inelastic is the answer to the
question: Did it return to its original shape or not? In fact, no material is perfectly
elastic, and a deformation should occur when a force is applied. This leads one to
think about the elastic limit which means the limit of elasticity that an object can
be elastically deformed where Hooke’s law is valid below this limit. This means that,
the relation between the stress and strain is linear, and the object will be distorted

by exceeding this limit of elasticity [20].



2.1.2 Theory of Elasticity

Acoustic phonons have long wavelengths in comparison to primitive cell dimensions.
This means that they act like sound waves in a continuous medium, and the discrete-
ness of the crystal is neglected due to the long wavelengths. Therefore, the equations
of motion of these waves can be written as [21]

2 2

o 2.1
a2~ M drdxy, (2.1)

, , L dPuy o :
where p is the mass density of the material, d_l is the acceleration in the ¢ —th

t2
direction, u; is the particle displacement along the 7 — th direction, and Cj;j; is the
fourth rank elastic constants tensor.

Noting that when the medium is slightly deformed, the stress T;; is proportional

to the strain Sy, as expressed in Hooke’s law
Tij = CijriSwi (2.2)

Because the stress and the strain tensors are symmetric, S =S, and T;;=T};, leading
to Cijti=Cjur=Cj11i=Cjjir which makes the number of independent elastic constants
36 instead of 81. It is convention to use Voigt notations to reduce the number of
subscripts of the elastic constants from 4 to 2 as follows [22]:

(11)—(1) , (22)—(2)

(33)—(3) , (23) = (32)«—(4)

(31) = (13)«=(5) , (12) = (21)«—(6)

10



As a result, the elastic constants tensor may be written in the following form:

Cin Cp Cig Cyy Cyy Cig
Cia Cyp Oy Cy Oy Oy
Ciz Coz Cs3 Czq O Csg
Ciy Cy Csy Cyy Cys Cyg
Cis Cos O35 Cus Css Cse

016 C(26 C136 046 C’56 066

Hooke’s law therefore can be written as T,,= C,pSs. Since the lattice symmetry of
the topological insulators BisSes, ShoTes, and BiyTes is rhombohedral, the number of
independent elastic constants may be reduced to six and the elastic constants tensor

then takes the form [23, 24]:

Chn Cip Ci3 Ciy O 0
Cia Cnn Ciz -Cyy O 0
Cis Ciz Cs 0 0 0
(2.4)
Cuy -Cy 0 Cy O 0

0 0 0 0 Cu Cly
0 0 0 0 Cu 3(Cn - C12) |

For the determination of the equation of motion in a material, Newton’s second law

is linked to Hooke’s law as stated in Equation 2.1 where Newton’s second law is [21]

dQUZ' _ dj—‘l
P~ dz;

(2.5)

11



For plane waves, the particle displacement in the ¢ — th direction is

U = ufei(z'?_wt) (2.6)

where u{ is the polarization of the wave.

Now, substituting Equation 2.6 into Equation 2.1 gives the Christoffel equation

pv25ij - C’ijkmjnk = 0, (27)

where 7 is the unit vector pointing in the direction of propagation, v is the phonon
velocity, and d;; is the Kronecker delta. Defining I';; = Cjjun;ni, the Christoffel
equation can be written as :

Fi]’ - pUQ(SZ']’ =0 (28)

The velocities of the acoustic waves are then obtained by solving the secular equation:
|Fij - p'l)2(51'j| =0 (29)

The eigenvalues provide pv? for three different modes, two of them are quasi-transverse
and one is quasi-longitudinal, while the eigenvectors give the polarization vectors for
each eigenvalue pv2.

Along the z-axis of a rhombohedral crystal, Cs3 and Cyy can be calculated from these

expressions [25]

12



v =14 [ — 2.10
L ; (2.10)

vT:\/% (2.11)
p

where vy, (vr) is the quasi-longitudinal (quasi-transverse) phonon velocity.

2.2 Brillouin Light Scattering

Brillouin Light Scattering Spectroscopy is the technique employed in this work to
determine acoustic phonon velocities and elastic properties of topological insulators
BisSes, SboTes, and BisTes. This technique has gained substantial interest since its in-
vention by Leon Brillouin in 1922. The theoretical proposal of Brillouin spectroscopy
by L. Brillouin was experimentally proven by Gross [26]. This invention was not
initially considered as a great advancement since a monochromatic light source was
not available, which made obtaining useful information from Brillouin spectroscopy
difficult. This issue was resolved with the invention of the laser in the 1950s. Since
then, Brillouin Spectroscopy has been widely used as an effective tool for analyzing
the scattered light from various media [27, 28, 29, 30].

In order to differentiate the types of scattering in all media, it is very important to
have a background about how the scattering process works. The process of scattering
is defined as the deviation of the incident photons from their straight propagation
due to collisions with particles in a medium such as phonons. There are two different
types of scattering: elastic and inelastic scattering. An example of elastic scattering
is Rayleigh scattering, in which energy and momentum of an incident photon remain
unchanged. However, when a change in energy and momentum occurs, the process is

called inelastic scattering. Raman and Brillouin scattering are well known examples

13



of such scattering.

In a solid, acoustic phonons and optical phonons are the two different types of
vibrations of atoms since the atoms vibrate about their equilibrium positions because
of the thermal energy. An optical phonon is generated when atoms are vibrating in
opposite directions resulting in higher energy; this type of phonon is probed in Raman
scattering experiments which typically employ grating spectrometers to analyze the
scattered light [31, 32]. However, when atoms are oscillating in phase (i.e. moving
together in the same direction), the interaction energy is lower, and this type of vi-
bration is called an acoustic phonon. Acoustic phonons cause the Brillouin scattering
of the incident photons and require that a Fabry-Perot interferometer be used as the
spectrometer due to the low frequencies involved. The process of Brillouin scattering
involves the interaction between the incident electromagnetic waves and the mate-
rial, causing a change in the energy and momentum of the incident waves [33]. The
energy and momentum will be exchanged between the incident photon and the mate-
rial, giving the scattered photon different values of energy and momentum from the
incident photon [34, 35]. In Brillouin scattering, the change in energy can be seen as
an increase when a phonon is annihilated, or as a decrease when the phonon is cre-
ated [36]. It is clearly shown in Figure 2.1 that the inelastic scattering encompasses
two significant phenomena, phonon emission and phonon annihilation. The former
phenomenon is often termed as Stokes scattering whereas the latter is usually called
anti-Stokes scattering [37]. These two phenomena can be symbolically distinguished
by signs as shown in Equations (2.12) and (2.13). The negative sign represents the
Stokes component where some energy is lost in order to create the phonon. In con-
trast, the positive sign refers to the anti-Stokes component where some energy is
gained from annihilating a phonon [7, 38]. Figure 2.2 illustrates schematically the

energy difference between Stokes and anti-Stokes and compares them to Rayleigh
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scattering, where no loss or gain in incident light energy occurs.

Phonon
w2 Phonon
K2 w2
K2
—» —»"
Photon [ Photon (.
Wi ’ ) Wi L 7
Ki Ki )
(i - L “~A
Photon
Stokes Photon Anti Stokes Ws
Ws Ks
Ks

Figure 2.1: Phonon creation and phonon annihilation representing Stokes and anti-
Stokes scattering, respectively. w; (k;) are the frequency (wavevector) of the incident
photon, wy (kg) are the frequency (wavevector) of created or annihilated phonon, ws,
(ks) are the frequency (wavevector) of the scattered photon, respectively.
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Figure 2.2: Comparison between (A) Rayleigh scattering where the energy of incident
photons is unchanged, (B) Stokes scattering where some energy of incident photons is
lost , and (C) anti-Stokes scattering where the energy of incident photons is increased.

The conservation of momentum and energy relations for the scattering process
may be written as [39]
hk, = bk, + b’ (2.12)

hw; = hwg + hw' (2.13)

where A is Planck’s constant, g , E, and l{: are the wavevectors of the phonon, inci-
dent photon, and scattered photons, respectively, as shown in Figure 2.3, and w’, w;,
and wy are the corresponding angular frequencies [39]. It can be noted from Equation
(2.13) that the frequency of the phonon is equal to the difference between the incident

and scattered light frequencies.
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Figure 2.3: Relationship between incident light wavevector, scattered light wavevec-
tor, and phonon wavevector in the scattering process.

2.3 Scattering from Acoustic Waves

Acoustic waves in a solid being studied in this work can be either Rayleigh surface
phonons or bulk phonons. The peak due to Rayleigh surface phonon (labelled R in
Figure 2.4) has a lower frequency shift in the Brillouin spectrum than those for the
bulk phonons [35]. The phonons that travel inside the material are quasi-transverse
bulk modes (particle displacement predominantly in a direction perpendicular to the
direction of propagation, (labelled (7}) and (73) in Figure 2.4), and quasi-longitudinal
bulk modes (particle displacement predominantly parallel to the direction of propa-

gation, (labelled L in Figure 2.4).

2.3.1 Scattering from Rayleigh Surface Modes

One of the waves that propagates on the surface of a material is the Rayleigh surface
mode which has primarily transverse character. Brillouin spectroscopy has been used
extensively to study surface phonons because this technique can provide accurate

measurement of their velocities.
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Figure 2.4: Schematic Brillouin spectrum showing peaks due to Rayleigh surface mode
(R), slow quasi-transverse (7)), fast quasi-transverse (73), and quasi-longitudinal bulk

modes (L).
As can be seen in Figure 2.5 and by applying principle of conservation of momen-

tum to the scattering process (2.12), the following expression can be obtained

k. =n(k;cosb; + kscosby) (2.15)

where kg and k,, are the parallel and the perpendicular components of the scat-
tered photon wave vector, respectively. k;” and k!, are the parallel and perpendicular
components of the surface phonon wave vector. It is noteworthy to mention that
the perpendicular component of the surface phonon to the surface can be neglected.
The reason for this is that the amplitude of the surface phonon rapidly vanishes with

distance from the surface. Thus Equation 2.15 breaks down and then k'=k! I
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k' = k;sinf; + k,sin 0, (2.16)

where 6; (0;) is the angle between the incident (scattered) photon and the surface
normal. It is noticeable that the angular frequency of incident light is much larger

than the angular frequency of phonon. Thus, as shown in Figure 2.3 [40]

Additionally, by considering that the geometry used in the present work is backscat-
tering, we have 6; = 0, as shown in Figure 2.5. Equation 2.16 may be then written
as

where £’ is the magnitude of the wave vector of the surface phonon. Knowing that

k;=2m /X and substituting this into Equation 2.18, one obtains:

K = 47” sin 6; (2.19)

where A\ is the wavelength of the incident light. For long wavelength acoustic phonons

[9],
w' = vkl (2.20)

where w’, vs and k! are the angular frequency, velocity, and magnitude of the surface
phonon wavevector, respectively. From Equations 2.19 and 2.20, it is possible to

write, for the case of backscattering such as used in this work, the Brillouin frequency
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shift, f :Qi [41], for the Rayleigh surface mode as
T

f= 2;’5 sin ;. (2.21)

This allows the Rayleigh surface phonon velocity to be measured from the associated
Brillouin peak frequency peak shift. It may also be noted that the Brillouin frequency

shift of the Rayleigh surface phonon peak depends on the angle of incidence ;.

2.3.2 Scattering from Bulk Modes

As can be seen in Figure 2.5 and by applying principle of conservation of momentum
to the scattering process (2.12), the following expressions can be obtained for the

parallel ]{I’)” and perpendicular k; components of the bulk phonon wavevector

ky,, =n(k;cosO; + kscosbr). (2.23)

The magnitude of the bulk mode wavevector can be written as

Ky =k + Ky 2 (2.24)

where

kzﬁ = /%2 sin” 0; + k? sin® 0, + 2k;k, sin 0, sin 0, (2.25)

k2 = n?k? cos? 0] + n?k? cos? 0., + 2n*k;k, cos 0] cos 0. (2.26)
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Therefore, Equation 2.24 can be written as the following where k; = ki,

sinf; = n sinf, and 6; = 6, for backscattering geometry

ki = [4n2k2(sin? 0] + cos® 0)) ]2 (2.27)

As a result

ki = 2nk;. (2.28)

and by substituting k;=27/X into Equation 2.28

k= 1 2.29
b A ( )
For long wavelength acoustic phonons [9],

W' = upk (2.30)

where v, is the bulk phonon velocity (either quasi-transverse or quasi-longitudinal).

Substituting Equation 2.29 into Equation 2.30 givies

,  Anmuy

A

(2.31)

where n is the refractive index of the probed material. Thus, the Brillouin frequency

shift for bulk modes using backscattering geometry is given by.

2nuy

Jo = o (2.32)
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Figure 2.5: Brillouin light scattering from a medium, where k; is the wavevector of the
incident photon, £, is the wave vector of the scattered photon, £ is the wavevector of
the bulk phonon, £/ is the wavevector of the surface phonon, 6; is the angle between
the surface normal and the incident photon, 6, is the angle between the surface normal
and the scattered photon, . is the angle between the surface normal and the refracted
scattered photon, 0] is the angle between the surface normal and the refracted incident
photon.
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Chapter 3

Experimental Details

3.1 Introduction

In this chapter, the process used to synthesize the single crystals of BisSes, BisTes
and ShyTes will be presented. This will be followed by a description of the the
optical system used for the Brillouin light scattering experiments, including a detailed
discussion of the tandem Fabry-Perot Interferometer used to analyze the scattered

light.

3.2 Sample Fabrication

The samples of BisSes, BisTes and SbyTes used in this work were prepared by T.
Sasagawa research group at Tokyo Institute of Technology using a process detailed in
reference [42]. In summary, a modified Bridgman technique was used to grow a single
crystals of BisSes, BisTes, and SbyTes. High purity and stoichiometric amounts of
the constituent elements were sealed in evacuated quartz ampoules. This mixture was

completely melted at T > 950 °C'. To assure a homogeneneous mixture, the ampoules
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were mechanically shaken and then cooled slowly in order to grow a single crystal.
The resulting crystals were cleaved perpendicular to the c-axis, exposing a flat and
shiny surface with a size of approximately 5 x 30 mm?.

As can be seen in Equation (2.32), in order to determine the bulk phonon ve-
locities and elastic constants of BisSes, BisTes and SbhyTes, the mass densities and
refractive indices are required. The mass densities of BisSes, BisTes and ShyTes at
room temperature were obtained from references [43, 44, 45|, respectively. Refractive
indices at 532 nm were estimated from plots of photon energy vs refractive index as
in reference [46, 47, 48], and wavelength vs refractive index as in reference [49]. It
should be noted that there are two values of refractive index in Table 3.1 for SbyTes.
The implications of this will be discussed later in page 53. Table 3.1 summarizes

these values.

Table 3.1: Densities and refractive indices (at 532 nm) of BisSes, BisTes, and ShyTes.
Material Density Refractive index

(g/cm?)
BiSe;  6.82 [43] 1.8 [46]
BiyTe;  7.70 [45] 2.3 [47]
SbQTeg - 1.6 [48]

3.3 Optical System

Figure 3.1 shows a schematic diagram of the optical system used in this work. A
photograph of this system is shown in Figure 3.2. The source of light used was a
Coherent Verdi-V2 diode pumped Nd:YVO4 laser. The beam that is generated by the

laser has a wavelength of 532 nm, bandwidth of ~10 MHz and is vertically polarized.
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The output laser power is set to 2 W but had to be reduced substantially using
absorbing (F1, F2) and variable neutral density (VNDF) filters to prevent damage to
the sample. A half wave plate (HWP) was used to rotate the vertically polarized beam
from the laser to a horizontally polarized beam. This horizontally polarized beam
goes through a beam splitter (BS) which splits it into two beams. The reflected beam
serves as a reference beam and enters the Fabry-Perot interferometer after reflection
from mirror (M2). This beam is used to maintain Fabry-Perot mirror alignment, and
helps to prevent the saturation of the photomultiplier tube by providing a beam while
scanning over the region of the spectrum in which elastic scattering from a sample
occurs near 0 GHz (scattered light from sample blocked by a shutter on the FPI
entrance pinhole). The portion of the beam that is transmitted through the beam
splitter strikes mirror (M1) and is subsequently directed toward prism (P). The light
then undergoes total internal reflection in the prism to change its direction by 90°,
after which it is focused on the sample (S) using lens (L1) with focal length of 5 cm.
Besides focusing light on the sample, this lens also collects the scattered light from
the sample along a direction 180° from the incident light direction. Another lens
(L2) is also used to focus the scattered light onto the 450 nm entrance pinhole of the
Fabry-Perot interferometer.

The Fabry-Perot interferometer is used extensively in Brillouin Spectroscopy ex-
periments due to the high resolution it provides [50]. Basically, a FPI consists of two
highly-reflecting mirrors aligned so that their surfaces are parallel to one another, one
of the mirrors is fixed and the other is movable and they are separated by a distance
d [51]. These two mirrors can be plane, as in the present experiments, or curved

depending on the application.
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Figure 3.1: Schematic diagram of experimental set up. VNDF - Variable Neutral

Density Filter, F - Filter, A - Aperture, HWP - Half Wave plate, P - Prism, L - Lens,
BS - Beam Splitter, M - Mirror, S - Sample.
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Figure 3.2: Photograph of Brillouin Scattering apparatus. VNDF - Variable Neutral
Density Filter, F - Filter, L - Lens, BS - Beam Splitter, M - Mirror, S - Sample.
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Figure 3.3: Internal reflections between mirrors separated by a distance d in the FP.
d is the distance between mirrors, n is the refractive index, and 6 is the angle between
the surface normal to the plate and the reflected wave.



As shown in Figure 3.3, a beam incident on a FPI at angle of incidence # undergoes
multiple internal reflections between the two mirrors [52]. At the first mirror, the wave
is divided into two waves, one is reflected in the direction C7 A, and the second wave
is transmitted to the mirror in the direction C'yD;. This second wave is incident on
the second surface at angle 6 and is then divided into two waves, one is transmitted
in the direction D; A/, and the other wave is reflected back in the direction D;C5.
This process of division of the wave continues as shown in Figure 3.3 [53]. A peak
in transmission occurs only when the interference between waves is constructive.
Constructive interference for normal incidence occurs when the following condition is
satisfied:

mA = 2nd (3.1)

where d is the distance between the mirrors, A the wavelength, m is an integer, and
n is the refractive index of the medium between the mirrors.

Two important quantities pertaining to FPIs are the free spectral range (F'SR)
and the finesse F'. The F'SR is the spacing in optical frequency range between two

adjacent transmission maxima as shown in Figure 3.4. and it is given by [54]

C
FSR = 2 (3.2)

where ¢ is the speed of light in vacuum. In the present work, the F'SR was in the

range of 10-150 GHz.

The finesse (F) is defined as the ratio between the free spectral range and the instru-
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Figure 3.4: Free Spectral Range (F'SR) of a Fabry-Perot Interferometer.

mental peak linewidth (§F") as expressed below [55].

FSR
b= oF

It was approximately ~ 100 for the present work.

The FPI used in these studies is a Sandercock type, 6-pass tandem FPI (see Figure
3.5). The beam passes through each interferometer three times. The reason for uti-
lizing two Fabry-Perot interferometers in one system is to increase the contrast which
allows weak signals to be observed. Furthermore, another advantage of coupling two

interferometers is that they provide a useful means for increasing the F'SR while a

fixed resolution is achieved [56].
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Figure 3.5: Two Fabry-Perot interferometers (Tandem) as used in the present exper-
iments.

The two Fabry-Perot interferometers used in the tandem FPI are identical, with
the exception that the distance between the two mirrors in the first cavity is slightly
different from the second cavity. The mathematical relationship linking the distances
between mirrors in each cavity is do=d; cos #. One mirror in each cavity is fixed
and the other mirrors are movable. The movable mirrors are placed and positioned
on a common platform. Therefore, moving this platform causes the two mirrors to
move simultaneously allowing frequency analysis of light incident on it. Although
the spacing between the two mirrors is slightly different, both interferometers must

satisfy Equation (3.1), then it can be seen that
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and

2dy = g\ (3.5)

where p and ¢ are integers, and d;, ds are the spacings between the mirrors of the two
interferometers [57]. By applying these equations, one can eliminate the repetition of
transmission maxima, (unlike as found for a single interferometer) as seen in Figure
3.6. From equations (3.4) and (3.5), it can be shown that the change in spacing for

both interferometers must also satisfy the following equation:

5dy dy
el (3.6)
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Figure 3.6: Two Fabry-Perot interferometers (Tandem) as used in the present exper-
iments to avoid a repetition of maxima.

Figure 3.7 shows the path of the beam that is incident on the entrance pinhole
of the FPI. This beam is then incident on a mirror (M1). Light reflecting from
M1 is collected by a lens (L1) and is incident on another mirror (M2). This mirror
ensures that beam is normally incident on the first Fabry-Perot mirrors and at the
proper position. Subsequently, the light passes through an aperture (A2) and is then
incident on another mirror (M3), which directs the beam to the second Fabry-Perot
interferometer. Once the beam leaves the second Fabry-Perot interferometer, it hits
a prism (P1) and returns parallel to its direction. This means that the beam will
enter the second Fabry-Perot interferometer again, hitting (M3), going through an
aperture (A2) and entering the first Fabry-Perot again. The beam that exits the first
Fabry-Perot is incident on M2. Then, a focusing lens (L1) focuses the beam on (M4).
Due to the vertical displacement as a result of the 90° prism, the beam will not be

incident on M1. The beam then strikes both Fabry-Perot interferometer once more
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before hitting mirror (M5). This mirror reflects the beam towards a prism (P2). Then
the beam is incident on (M6) whose role is to reflect the beam into an aperture (A3),
lens (L2), the pinhole and then to photomultiplier. The information obtained is then

displayed by the computer [57].
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Figure 3.7: The process inside the Fabry-Perot interferometer in which the light
passes each FPI three times. FPI - Fabry Perot Interferometer, d - distance between
mirrors, A - Aperture, P - Prism, L - Lens, M - Mirror.
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As the alignment of the Fabry-Perot can be affected by temperature and humidity,
the system must be actively stabilized. The stabilizing control helps maintain both
the parallel alignment of the mirrors used in the interferometer as well as the spacing
between mirrors. This is accomplished by control electronics which apply voltage to
piezoelectric crystals to tilt the mirrors so that they remain parallel to one another,

and also to scan the mirror spacing.

3.4 Laser Beam-Induced Sample Damage

Preliminary Brillouin scattering experiments on BisSes yielded unusual spectra. Po-
larization studies were done to see if the presence of Brillouin peaks in spectra de-
pended on polarization state, as is normally the case. Unfortunately, no changes
were observed in the spectrum at all when the scattered light from the sample was
vertically and horizontally polarized. This led us to examine the sample by the mi-
croscope, and it was found that the sample was damaged due to the high intensity of
the incident beam (~» 40 mW) (see Figures 3.8 and 3.9). After that, each result was
verified by conducting vertical and horizontal polarization studies on the scattered
light, as well as checking the sample with the microscope to be confident about all
results obtained. The beam power was therefore set to 10 mW for all experiments.

This power level still allowed spectra of reasonable quality to be obtained.
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Figure 3.8: Brillouin spectrum of sample of Bi;Se3 damaged by incident laser beam.

Figure 3.9: A photo of a damaged sample by 40 mW incident beam intensity.

36



Chapter 4

Results and Discussion

4.1 Introduction

Brillouin spectra were obtained from two samples each of BisSes, ShoTes, and BisTes.
Surface and bulk acoustic phonon velocities were obtained from the Brillouin peak fre-
quency shifts. Corresponding elastic constants were also estimated from the acoustic

phonon velocities and by knowing the material densities.

4.2 Bismuth Selenide (Bi;Ses)

Figures 4.1 and 4.2 show spectra collected from sample BisSes-1 and BisSes-2, respec-
tively, for various angles of incidence and an FSR of 15 GHz. One set of Brillouin
peaks is observed which is labelled R. It can be seen that the frequency shift of this
peak increases with increasing angle of incidence. Since it was expected that Bril-
louin peaks due to bulk modes might appear at higher frequency shifts, the FSR was
increased to 30 and also 50 GHz so that peaks at high frequency can be observed.

Figure 4.3 shows Brillouin spectra of BisSes-1 collected at an FSR of 30 GHz. Three
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sets of Brillouin peaks are observed: they are labelled T3, T, and L. It can be seen
that changing the angle of incidence does not change the frequency shift of these
peaks except for L peak at 70° which shows some variation in shift with angle. The
magnitude of this variation is unexpected because the range of external incident an-
gles used is 35° which corresponds to a small range of directions (10°) probed inside
the material. That is, the bulk phonons that were probed travelled in directions from
21° to 31° from the z-axis. It should be noted that no peaks analogous to the T}, T5,
and L were observed in spectra of sample BisSes-2. The reason for this is unclear, but
it could be related to sample opacity. BisSes-2 was also examined at higher frequency
shifts from (30 - 150 GHz) and no additional Brillouin peaks were observed.

Even though many of the experiments were done several times, the same poor
quality of peaks were observed. It might be due to the low intensity of incident light
used. Accordingly, the uncertainty in the frequency shift has been estimated to be +

0.3 GHz. The frequency shifts of all peaks are presented in Table 4.1.
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Figure 4.1: Brillouin spectra of BisSes-1 collected at various angles of incidence. The
free spectral range was set to 15 GHz.
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Figure 4.2: Brillouin spectra of BisSes-2 collected at various angles of incidence. The
free spectral range was set to 15 GHz.
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Figure 4.3: Billouin spectra of BisSes-1 collected at various angles of incidence. The
free spectral range was set to 30 GHz.
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Figure 4.4: Billouin spectra of BisSes-1 collected at 50 of incidence. The free spectral
range was set to 30 GHz.

41



Table 4.1: Average Brillouin frequency shifts for Rayleigh (R), quasi-transverse bulk
(Ty, Ty), and quasi-longitudinal bulk (L) peaks of BiySes-1 and BiySes-2.

Sample Angle of incidence fr fn fr, fr
(£1°) (0.3 GHz) (£0.3 GHz) (0.3 GHz) (0.3 GHz)
40 3.3 13.6 17.3 25.8
50 3.9 13.6 17.0 25.7
1 60 4.4 - - -
70 4.9 13.5 17.2 25.0
75 5.1 13.5 17.3 25.8
40 3.0 - - -
50 3.7 - - -
2 60 4.5 - - -
70 4.8 - - -
75 5.1 - - -

Using the data in Table 4.1, the frequency shifts of R peak for BisSes-1 and
BisSes-2 are plotted against sin 6 as seen in Figures 4.5 and 4.6, respectively. It can
be seen that the shift depends linearly on sine of the angle of incidence. Equation
(2.21) fitted well to this data and confirmed that the R peak is due the Rayleigh
surface mode. Polarization studies were also conducted on BiySes-1, and BiySes-2 as
shown in Figures 4.7, and 4.8. With the incident light on the sample horizontally
polarized, R peak disappeared with a vertical polarization (HV), and remained with
a horizontal polarization (HH). The velocity of this mode, vg, was extracted from the
slope of the line of best fit and is given in Table 4.2.

The frequency shifts of the T, T5 and L peaks were found to be relatively inde-
pendent of sine of the angle of incidence as shown in Figure 4.5. This confirms that
these peaks are due to bulk quasi-transverse and quasi-longitudinal acoustic modes.
Using Equation (2.32) along with the average frequency shift data in Table 4.1 and
the refractive index values presented in Table 3.1, the velocities of these modes, vpq,

vpe, and vy, were determined and are given in Table 4.2.
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Figure 4.5: Average frequency shifts versus sine of incident angle for R, T7, T5, and
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Figure 4.6: Frequency shift of R peak of BisSe3-2 versus sine of the angle of incidence.
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Figure 4.7: Brillouin spectra of BisSes-1. V: vertically-polarized scattered light, H:
horizontally-polarized scattered light. The incident light was horizontally polarized
in both cases.
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Figure 4.8: Brillouin spectra of BisSes-2. V: vertically-polarized scattered light, H:
horizontally-polarized scattered light. The incident light was horizontally polarized
in both cases.
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Table 4.2: Rayleigh surface, slow and fast quasi-transverse, quasi-longitudinal acous-
tic phonon velocities of BisSes-1 and BiySes-2.

Sample VR U1 U9 vy,
(£120 m/s) (£100 m/s) (£140 m/s) (£210 m/s)
1 1400 2000 2500 3800
2 1400 - - -

The Rayleigh surface phonon velocities (shown in Table 4.2) of the two samples of
BisSes are in excellent agreement. Now, it is possible to estimate the elastic constants
of BisSes. Even though such materials have six independent elastic constants, it was
possible to find two of them. This is because the phonons probed in the present
experiments travel in directions close to the z-axis. The range of angle of incidence
used results in a very small range of probed directions inside the material, and these
directions are close to the z-axis direction. Knowledge of the 7" and L velocities along
this direction allows only elastic constants C33 and Cyy to be determined. Using
Equation 2.10 and knowing the density, quasi-longitudinal velocity, Cs3 has been
estimated to be 98 +7 GPa. Since there are two values of the quasi-transverse velocity
vr; and v, Cyy has two values determined from those velocities. Using Equation
2.11 and knowing the density, Cy4 calculated from vy and vy has been estimated to
be 29 +2 GPa and 44 +4 GPa, respectively. As a result, the average Cyy was found
to be 37 £10 GPa.
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4.2.1 Mechanical Exfoliation

Since it has been shown that changing the thickness of topological insulators BisSes,
BisTes, and ShyTes can result in changes in the intensity of Raman spectral peaks
[58], it was thought that decreasing the thickness of the samples used in the present
experiments might cause a change in the Brillouin spectra. For this reason, BisSes
was exfoliated several times using normal tape resulting in samples of different thick-
nesses where each subsequent exfoliation resulted in a thinner sample. The sample
was examined once after every exfoliation process, and after approximately three
exfoliations the sample became too small to probe with laser beam.

Figure 4.9 shows Brillouin spectra collected from the thinnest mechanically ex-
foliated sample. It is evident, by comparison to Figure 4.1, that the spectra are
qualitatively similar to those obtained from the non-exfoliated sample. Table 4.3
presents the average frequency shifts for various angles of incidence. The surface
mode was seen with all thickness at similar frequency shifts as the original sample.
This implies that the Brillouin frequency shifts are not affected by the material thick-
nesses at least down to the thicknesses studied here. Moreover, the quality of the
spectra collected from the exfoliated material is very similar to those obtained from
the sample in its original non-exfoliated state, even though one might expect spectra
of higher quality due to the pristine nature of the exfoliated surface. Because no
changes were observed in the spectra of the exfoliated samples of BisSes-1, analogous
experiments on ShyTes, and BiyTes were not carried out. The exfoliated BisSes-1 was

examined at higher FSR (50-150 GHz), and no peaks were observed.
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Figure 4.9: Billouin spectra of exfoliated BisSes-1 collected at various angles of inci-
dence. The free spectral range was set to 15 GHz.

Table 4.3: Average frequency shift of R peak along with corresponding angles of

incidence for exfoliated BiySes-1.

Angles of incidence Average Frequency Shifts

(£1°) (+ 0.3 GHz)
30 2.3
40 3.2
50 3.8
60 4.3
70 5.0
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Figure 4.10: Average frequency shift of exfoliated BisSes-1 versus sine of the angle of
incidence. 6°=+1°, §R= +0.3 GHz, R?>= 0.982.

Figure 4.10 shows the frequency shift of the R peak as a function of sin §. It can
be seen that the shift depends linearly on sin 6, fitting of Equation (2.21) yields a
Rayleigh surface mode velocity vg=1400 = 100 m/s.

It can be seen from Table 4.4 that similar Rayleigh surface phonon velocities were
obtained from exfoliated and non-exfoliated BiySes. It is therefore concluded that, at
least down to the values studied here, the sample thickness has a negligible effect on

the Rayleigh surface mode velocity.
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Table 4.4: Rayleigh surface phonon velocities of exfoliated BisSes-1 and non exfoliated
Biz Seg— 1.

Material UR
(120 m/s)
Non exfoliated 1400
Exfoliated 1400

4.3 Antimony Telluride (SbyTe;)

Figures 4.11 and 4.12 show spectra collected from sample SbyTes-1 and ShyTes-2,
respectively, for various angles of incidence from 40° to 75° with the FSR set to 15
GHz. In general, the spectra are of higher quality than those of BisSesz. One set
of Brillouin peaks is seen which is labelled R. It can be seen that frequency shift
of this peak increases when the angle of incidence is increased. After the data of
R peaks were obtained at low free spectral range, it was expected that Brillouin
peaks due to bulk modes might appear at higher frequency shifts. Accordingly, the
spacing between mirrors in the Fabry-Perot interferometers was reduced to 3 mm
which allows a higher frequency shift regime to be scanned. Figures 4.13 and 4.14
show spectra collected from sample ShyTes-1 and ShyTes-2, respectively, for various
angles of incidence from 30° to 60° with an FSR of 50 GHz in order to see if there
are peaks at higher frequency shifts. One set of Brillouin peak was observed which is
labelled L. Since the range of angles used was small, the range of directions probed
inside the material was found to be 11°. That is, the bulk phonons that were probed
travelled in directions from 23° to 34° from the z-axis. Accordingly, changing the
angle of incidence caused a very slight difference in the frequency shifts of L peak.
Table 4.5 shows the average frequency shifts of both R and L peaks for different

angles of incidence.
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Figure 4.11: Billouin spectra of ShyTes-1 collected at various angles of incidence. The
free spectral range was set to 15 GHz.
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Figure 4.12: Billouin spectra of ShyTes-2 collected at various angles of incidence. The
free spectral range was set to 15 GHz.
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Figure 4.13: Billouin spectra of SbyTes-1 collected at various angles of incidence. The
free spectral range was set to 50 GHz.
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Figure 4.14: Billouin spectra of ShyTes-2 collected at various angles of incidence. The
free spectral range was set to 50 GHz.
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Table 4.5: Average frequency shifts of fr and f7, of SbyTes-1 and SbhyTes-2

Sample Angle of incidence fr fr
(x1°) (0.2 GHz) (£0.2 GHz)
40 3.2 18.9
50 3.8 18.7
1 60 4.4 19.0
70 4.9 18.9
75 5.1 19.0
40 3.7 20.7
50 4.1 20.6
2 60 4.7 20.4
70 5.1 20.5
75 5.3 20.4

Using the data in Table 4.5, the frequency shift of the R peak for ShyTes-1 and
ShyTes-2 are plotted against sine § as shown in Figures 4.15 and 4.16, respectively. It
can be seen that the shift depends linearly on sine of the angle of incidence. Equation
(2.21) fitted well to this data and confirmed that R peak is due to the Rayleigh surface
mode. Polarization studies were also conducted on SbyTes-1 and ShyTes-2 as shown in
Figures 4.17 and 4.18, respectively. With the incident light on the sample horizontally
polarized, R peak disappeared with a vertical polarization (HV), and remain with a
horizontal polarization (HH). The velocities of this mode, vg, was extracted from the
slope of the line of best fit and is given in Table 4.6.

The frequency shift of the L peak was found to be relatively independent of sine
of the angle of incidence as shown in Figures 4.15 and 4.16. This confirms that this
peak is due to bulk quasi-transverse or quasi-longitudinal acoustic mode. Polariza-
tion studies were also conducted on SboTes-1 and SbyTes-2 at a small angle (< 20°)
to assure the character of this peak as shown in Figures 4.19 and 4.20, respectively.
With the incident light on the sample horizontally polarized, the L peak disappeared

when a vertical polarization (HV) was applied on the scattered light from the sample,
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and remain with a horizontal polarization (HH) confirming the character of L peak
to be due to bulk quasi-longitudinal mode. Using Equation (2.32) along with the
average frequency shift and the refractive index presented in Table 3.1, the velocity
of this mode, vy, was determined and is given in Table 4.6. It should be noted that
the value of vy presented in Table 4.6 was determined from Equation (2.32) using
the refractive index in reference [48]. A second value of refractive index [49] yielded
a quasi-longitudinal bulk phonon velocity that is much smaller than that presented
in Table 4.6 and much smaller than the quasi-longitudinal velocities for Bi;Tes and

BisSes. For this reason, it was not used in our velocity calculations.
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Figure 4.15: Frequency shifts of Brillouin peaks versus sine of the angle of incidence
for sample ShyTez-1. §°=+1°, §R= +0.2 GHz, and d L= +0.2 GHz, R?*= 0.994.
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Figure 4.16: Frequency shifts of Brillouin peaks versus sine the angle of incidence for
sample ShyTez-2. §°=+1°, §R= +0.2 GHz, and § L= +0.2 GHz, R?= 0.988.

o4



|
=z “
§ R R
‘E w"‘ | \
= J | ‘ v | ‘
E! ' h ( ’\ " [ 1\ H
2 A ) “' .'f1 ’. ) 1“ ‘I.‘ / ‘.‘."“ “"'l\_"' |’ A
§ “i'f’f""i‘ 'l W W V W } , - W N ‘|"~~".‘ ‘Jfa ‘1.“
= [
‘ \
|
W |
A A M » 'ﬁ A/ -“. M A A A s A A al A
'J’-v‘f J‘f"a‘\"‘l"~"v’r‘c" M, ¥ WU W W A V ~"||' Y vy '.‘i’-‘ M~ Yy
. 1 = 1 = 1 - 1 = 1 N
-10 -5 o 5 10

Frequency Shift (GHz2)

Figure 4.17: Brillouin spectra of ShyTes-1. V: vertically-polarized scattered light, H:
horizontally-polarized scattered light (H). The incident light was horizontally polar-
ized in both cases.
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Figure 4.18: Brillouin spectra of ShyTes-1. V: vertically-polarized scattered light, H:
horizontally-polarized scattered light (H). The incident light was horizontally polar-
ized in both cases.
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Figure 4.19: Brillouin spectra of ShyTes-2. V: vertically-polarized scattered light, H:
horizontally-polarized scattered light (H). The incident light was horizontally polar-

N
'I-.M""‘WP'N.'».‘»«’ "’er,-.l"w‘f"‘.‘hw,."ﬁ'\M\".': L
A L A

A

b —

=

= R ‘ | R

= N | |u

< ( ' M

= |\ ' | |

% [Ty N \ ! h a el H
ALY \y LW L | T PR -

= |

| Vv
h-."' ‘l"" "vil“‘/"'\‘x_fr M /l‘\’p"«."’]l’\‘d,’, ) J'MVI'I\.P.W\V-LF"l Ve
L 2 i

-10

ized in both cases.

Intensity (arb. units)

-5

o 5

10

Frequency Shift (GHz)

,}‘ *W".‘) A‘W‘h

|
|

|

L W
L“AW\NAMH' i '\w

l | v
,ah‘m‘,,u.\.wd,lnt,.-\v;‘p._ij#,.-,uw ‘\1}( -F«Wf’l,\ p’r‘n\‘“:'*w\\’tfl"'h“v.ﬂ‘ﬂ‘ WA

|
|

Vw | L
J’\W{, | b H
P Mg M

V

-40

-30

-20 -10

o 10

20 30 40

Frequency Shift (GHz)

Figure 4.20: Brillouin spectra of ShyTes-2. V: vertically-polarized scattered light, H:

horizontally-polarized scattered light (H). The incident light was horizontally polar-
ized in both cases.
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Table 4.6: Velocities of Rayleigh and longitudinal bulk modes of SbyTez-1 and SbyTes-
2.

Sample VR vy,
(£100 m/s) (£80 m/s)
1 1420 3340
2 1500 3350
Average 1500 3300

The Rayleigh surface and longitudinal bulk phonon velocities of the two samples
of ShyTes studied are given in Table 4.6. There is good agreement between both the
Rayleigh surface phonon and longitudinal bulk phonon velocities for both samples.

Using Equation (2.10), the elastic constant Cs3 was found to be 72 +3 GPa.
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4.4 Bismuth Telluride (Bi;Te;)

Figures 4.21 and4.22 show spectra collected from BiyTes-1 and BisTes-2, respectively,
at angles of incidence from 40° to 70° with the FSR set to 15 GHz. One set of Bril-
louin peaks was observed at lower frequency shift which is labelled R. The R peak
was seen for all angles of incidence for the second sample. However, even though
attempts were going on for days to see this peak at different angles, it was seen only
at 40° for the first sample for unknown reasons, and was extremely weak for both
samples (see Figure 4.22). It can be seen that the frequency shift of R peak increases
with increasing angle of incidence. Once the data of R peak was obtained, the free
spectral range was increased to 50 GHz to see Brillouin peaks at higher frequency
shifts. Figures 4.23 and 4.24 show spectra collected from BisTes-1 and BisTes-2, re-
spectively, at various angles from 40° to 70° with the FSR set to 50 GHz. Two sets
of Brillouin peaks were observed and are labelled T} (since only one quasi-transverse
bulk mode was observed and shows excellent agreement with literature as shown in
Table 4.9) and L. Since the range of angles used here was 40° — 70°, the range of
directions probed inside the material was found by Snell’s law to be 8°. That is,
the bulk phonons that were probed travelled in directions from 16° to 24° from the
z-axis. Accordingly, the change in the frequency shifts of the these peaks with angle
of incidence is small.

Table 4.7 presents the average frequency shifts of the R, T3, and L peaks for different

angles of incidence for BisTes-1 and BiyTes-2.
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Figure 4.21: Billouin spectra of BisTes-1 collected at 40° of incidence.

40°

Frequency Shift (GHz)

spectral range was set to 15 GHz.

Intensity (arb. units)

0

5

10

R
70¢°
WMWWMMW | iy iy
R R 50°
R H R 40°
2 [ 2 [ " [ 1 1
-10 -5 (0] 5 10

Frequency Shift (GHz)

The free

Figure 4.22: Billouin spectra of BiyTes-2 collected at various angles of incidence. The
free spectral range was set to 15 GHz.
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Figure 4.23: Billouin spectra of BiyTes-1 collected at various angles of incidence. The
free spectral range was set to 50 GHz.
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Figure 4.24: Billouin spectra of BiyTes-2 collected at various angles of incidence. The
free spectral range was set to 50 GHz.

From Figures 4.23 and 4.24 two different peaks are distinguished: one is labelled
L which appears at higher frequency shift and 7} which is seen at low frequency shifts
in the Brillouin scattering spectrum.

Frequency shift data for samples BiyTes-1 and BiyTes-2 is given in Table 4.7.
As can be seen, the frequency shifts of the T} and L peaks vary little with angle
of incidence due to the small range of directions probed inside the material. The
frequency shift of the R peak, however, increases with increasing angle of incidence.

Using the data in Table 4.7, the frequency shift of R peak for BiyTes3 -2 is plotted
against sine of the angle of incidence as shown in Figure 4.26. It can be seen that the
shift of this peak depends linearly on sine of the angle of incidence. Equation (2.21)
fitted well to this data and confirmed that the R peak is due to the Rayleigh surface

mode. As for BisSe33 and SbyTez3, the velocity of this mode, vy, was extracted from
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Table 4.7: The avarage frequency shifts of all peaks observed from BiyTez-1 and
B12T€3—2
Sample Angle of incidence fr Shift fr1 Shift fr Shift

(£1°) (0.3 GHz) (£0.3 GHz) (+0.2 GHz)
30 - 16.3 26.4
40 3.5 16.4 26.2
1 50 - - 26.4
60 - - 26.3
30 3.9 - 24.6
40 4.4 - 24.4
2 20 4.6 - 24.7
60 5.7 - 24.4

the slope of the line of best fit and as given in Table 4.8.

The relative independence of the frequency shifts of the 77 and L peaks on angle of
incidence suggests that they are due to bulk quasi-transverse and quasi-longitudinal
acoustic modes, respectively. As can be seen in Figure 4.28, there is asymmetry in
the shape of the L peak: there is shoulder on the low frequency shift side. This
asymmetry may be due to transverse modes around 15 GHz. Such partial overlap
causes the peaks to be artificially-shifted toward each other. The effect of the overlap
can be seen in Figures 4.24 and 4.28 which show spectra collected with no polarization
analysis of the scattered light and with a polarizer in the scattered light. In the former
case, the frequency shift of the L peak is 26 GHz while in the latter it is 24 GHz for
HH polarization (in which case contributions to the appearance from 7" modes should
be reduced).

As shown in Figures 4.28 and 4.27, the L peak remains with horizontal polarization
(HH) and disappeared with vertical polarization (HV). This suggest that this peak is
due to a bulk quasi-longitudinal mode. Using Equation (2.32) along with the average
frequency shift in Table 4.7 and the refractive index value presented in Table 3.1, the

velocities of these modes, vr; and vy, were determined and given in Table 4.8.
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Figure 4.25: Average frequency shifts of Brillouin peaks versus sine of the angle of
incidence for sample BiyTes-1. 0°=+1°, §T1= +0.3 GHz, and 6 L= +0.2 GHz.
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Figure 4.27: Brillouin spectra of BiyTes-2. V: vertically-polarized scattered light, H:
horizontally-polarized scattered light (H). The incident light was horizontally polar-
ized in both cases.
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Figure 4.28: Brillouin spectra of BiyTes-2. V: vertically-polarized scattered light, H:
horizontally-polarized scattered light (H). The incident light was horizontally polar-
ized in both cases.

Table 4.8: Phonon velocities of BiyTes-1 and BiyTes-2

Sample VR U1 vy,
(100 m/s) (£100 m/s) (125 m/s)
1 - 1800 2670
2 1400 - 2550
Average - - 2600

Using Equations 2.10 and 2.11, and knowing the density, quasi-longitudinal and
quasi-transverse phonon velocities, elastic constants Cs3 and Cyy have been estimated

to be 52 £5 GPa and 25 +2 GPa, respectively.
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4.5 Discussion

From Table 4.9, it is clearly seen that the Rayleigh surface phonon velocity for all
these materials is similar. This is not surprising since BisSes, ShoTes, and BisTes
belong to the same family of topological insulators and have similar properties. By
comparing the longitudinal bulk phonon velocities for BisSes and SbhoTes, it can be
seen that their velocities are similar differing only by 9% (the difference between the
two values was divided by the average of them and multiplied by 100 to obtain the
difference percentage) . However, a remarkable difference (30%) is seen when com-
paring the longitudinal bulk phonon velocity of BisTes to the other two materials.
Similarity is seen between the slow transverse phonon velocity of BiyTes and BisSes,

and the difference is just about 8%.

Table 4.9: Acoustic phonon velocities of BisSes, SbsTes, and BisTes determined from
this work and compared to other’s findings. Experimental results are denoted by Exp.
All others are theoretical.

Material Reference VR T T L
(m/s) (m/s) (m/s) (m/s)
BisSes Present 1400 £100 2000 +80 2500 +140 3800 +£170
SboTes Present 1500 £100 - - 3300 +170
[10] - - 2230 3840
BiyTes Present 1400 £100 1800 +80 - 2600 +170
[17] - 1780 - 3040
[10] - 1390 2170 2880
[18] - 1800 +50 - 2400 +50
Bil.ﬁosbAQTeg [19] EXp - 1870 - 2380
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Table 4.10 presents elastic constants of BisSes, ShoTes, and BisTes, and compares
some of these results to other studies where the methods used were not Brillouin

Scattering.

Table 4.10: Elastic constants (in GPa) of BigSes, ShyTes, BisTes, and Biy 6oSbg 40 Tes.
Experimental results are denoted by Exp. All others were determined from theory.

Material Reference 011 012 013 066 033 044
BiySes Present work - - - - 98 +7 37 +10
[16] 110.9 384 48.1 359 96.1 62.2
Bi,Tes Present work - - - - 52 +5 25 £2
[12] Exp 68.4  21.7 27  23.3 476 27.3
[14] 62 10 19 225 49 24
[12] 80K 73.3 219 287 257 50.8 30.5
[13] 88.33 18.23 29.32 23.8 53.31 37.70
[10] 73.8 163 306 28.7 54.3 30.4
[11] 82.8 20.8 36.1 31 60.4 40.1
[15] 65.4 10.9 19  25.7 50.7 26.5
SboTes Present work - - - - 72 +3 -
[10] 83.2 21.2 46.1 31 99.7 44.6

[19] 77K Exp 722 129 353 29.6 479 29.7

As shown in Table 4.9 acoustic phonon velocities of BisSes, SboTes, and BiyTes
have different values. It was not possible to find all acoustic velocities for all materials
in this work, nor other studies were able to obtain all of them. The Rayleigh surface
phonon velocity of the three materials were not found in other studies. Using the bulk
phonon velocities in this table, the values of the elastic constants of our materials have
been determined and illustrated in Table 4.10. A brief discussion about the acoustic

phonon velocities and the elastic constants for each material is presented below.
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4.5.1 Bismuth Selenide (Bi;Ses)

The Rayleigh surface phonon velocity (vg) has been calculated and found to be
1400+100 m/s. Table 4.9 also shows the values of slow and fast transverse (77 and
T5) and longitudinal (L) acoustic phonon velocities. There are no other studies that
report acoustic phonon velocities for BisSes. These velocity values were used to cal-
culate elastic constants C33 and Cyy as mentioned in section (4.2). The values of Cs3
and Cy4 were found by us to be 98 and 37 GPa, respectively. By comparison with the
theoretical calculated values as provided by reference [16], excellent agreement is ob-
served between the (33 experimentally obtained and theoretically calculated values.
However, a remarkable difference (roughly 38%) is observed for Cyy. Such a difference
indicates that the model used in this theoretical study [16] does not accurately predict
the elastic properties of this material. It is worth noting, however, that our value for
Cy4 for BigTes is consistent with that found in other studies on this material [15, 12].

This produces some support for the accuracy of our value of Cyy for BisSes.

4.5.2 Bismuth Telluride (Bi,Te;)

In a similar manner to that of BiySes, the surface phonon velocity (vg) has been
found to be 1400+£100 m/s. It was not possible to compare this number with other
studies due to the absence of related theoretical and experimental studies on this
material. It was, however, possible to compare our values of transverse and longitu-
dinal acoustic phonon velocities to those obtained in other studies [10, 17, 18]. The
transverse phonon velocity 77 of BisTes was theoretically reported in [17] and [1§]
and experimentally in reference [19], and excellent agreement is observed between the
velocity obtained in this work and these studies. The values presented in references

[17] (i.e 1780 m/s ) and [18] (i.e, 1800 m/s) are very similar to the value obtained by
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us (i.e. 1800+100) m/s. These two theoretical studies have been also experimentally
confirmed as shown in reference [19] (i.e. 1870 m/s), along with the value found in
our work. However, the value shown in reference [10] (i.e. 1390 m/s) is substantially
different from the theoretical and experimental values mentioned above. This may
suggest that the model used in reference [10] is not accurate for such investigations.
The longitudinal bulk phonon velocity (L) of the present work was calculated to be
2600 £170 m/s and is, in general, in good agreement with the theoretical studies as
in references [10, 17, 18|.

In regard to the elastic constant calculations, our experimental data have been
found to be in excellent agreement with other experimental findings shown by refer-
ences [12] and [19]. It is also interesting to note that our values of Cyy for BiyTes (i.e,
25 GPa) is nearly identical to the value found in the theoretical study of reference
[14]. Our value of Cs3 and Cyy are similar to those values obtained in several other
theoretical studies. For instance, the values of the elastic constants observed in the
studies conducted in references [15] (i.e, C33=50.7 GPa and Cyy=26.5 GPa) and [19]
(i.e, C33=44.0 GPa and C'yy=27.1 GPa) have been found very close to those obtained
here (i.e, C33=52 GPa and Cyy=25 GPa). However, such close agreement with other
theoretical results was not always observed. This can be seen in the result found
by reference [11], in which the value of Cyy was greatly different (roughly 40%) than
that found in this work. It is worth noting that the value of C33 and Cyy obtained
in reference [19] are very similar to those for BisTes obtained in this work (roughly
8%). This may be due to that BiyTes is very close in composition to Bij goSbg 40 Tes,
and therefore very similar in elastic properties. Based on the aforementioned dis-
cussion, it can be stated that the inconsistency in the theoretical results may make
the comparison between theoretical and experimental results invalidate some of the

theoretical values used to calculate the elastic properties.
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4.5.3 Antimony Telluride (SbsyTes)

Similar to the previous two situations, vg of BisTes has been calculated (i.e,1500
+100 m/s) but there are no other studies which present these velocities for compar-
ison. However, it is worthwhile to note that the vy of all three materials studied in
this work are very close to each other. Moreover, comparing the quasi-longitudinal
phonon velocity obtained in the present work (i.e. 3300170 m/s) to the only avail-
able obtained data in literature [10], good agreement (roughly 15%) is observed which
supports this study.

Table 4.10 shows the elastic constants of SbyoTes. The value of the elastic constant
(U35 of SboTes was experimentally determined in the present study and found to be
72 GPa. This elastic constant could only be compared with a theoretical value since
only theoretical results have been considered in the literature [10]. Our experimentally
obtained value was found to be different from the theoretically calculated value in
reference [10] (roughly 30%). However, there has been one study on Bij 69Sbg.40Tes
[19]. Taking into the account the claim made in this reference [19] that the effect of
the mixture between the elements Bi, Sb and Te can be negligible, the Cs3 value for
SboTes should have a similar value to that of Bij goSbg.40Tes. However, a remarkable
difference is seen which concludes that such mixture has an effect on the determination
of the elastic constants of this material. It is worth noting that the value of Cs;3
obtained in reference [19] is different (roughly 13%) from the value obtained in this
work (see Table 4.10). This may be due to that SbyTes is not close in composition to

Bii 60Sbg.aoTes, and therefore not close in elastic properties.
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It is lastly important to state that excellent agreement between our values and the
values observed by others with different experimental techniques such as continuous
wave resonance [12] and ultrasonic pulse-echo [19] obviously indicate that Brilliuoun
Scattering technique is capable of providing precise results for the investigation of the

elastic constants of this family of topological insulators.
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Chapter 5

Conclusions

Brillouin light scattering has been used to investigate three different Topological Insu-
lators: Bismuth Selenide BisSes, Antimony Telluride SbsTez, and Bismuth Telluride
BisTes. Three different results of acoustic waves were obtained : surface mode, quasi-
longitudinal, and quasi-transverse bulk modes. The longitudinal bulk phonons as
well as surface phonons were seen for all these topological insulators. However, the
transverse bulk mode was observed only for BisSes and BisTes. All acoustic modes
obtained from this work were verified by polarization studies. From Brillouin fre-
quency shifts, it was possible to calculate longitudinal , transverse bulk and surface
phonon velocities. In general, comparing the obtained acoustic phonon velocities of
these materials in this work has been found to be in excellent agreement with the
available data. From acoustic phonon velocities obtained from Brillouin frequency
shifts, C33 and Cyy have been calculated. Excellent agreement is obtained between
our findings for BiyTes elastic constants with some theoretical and experimental stud-
ies available [15, 12, 19], while our values disagree with others [11]. Our result for Cs3
is consistent with the calculated value in reference [16] for BisSes, while Cyy is not.

Finally, a remarkable difference was seen between the Cs3 value of ShyTes obtained
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in the present work and the value calculated in reference [10] .

Possible future work could involve Brillouin studies using a different scattering ge-
ometry or crystal orientation. This would permit the remaining four elastic constants
of these materials to be determined. Since phonons propagate away from the z-axis
by more a few degrees in such geometry, both transverse modes would be seen, and

that might allow calculation of additional elastic constants.
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