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Abstract

This dissertation is concerned with the excitation of coherent optical phonons by fem-

tosecond laser pulses. Investigation of coherent optical phonons can provide valuable

understanding of the structure and phase transitions of a material. Studies have been

performed upon two epilayers of cubic crystalline Ge2Sb2Te5(GST) grown on InAs(111),

and also on the reference InAs(111) sample. Time resolved pump-probe measurements

of transient re�ectivity and ellipticity response have been performed to excite and ob-

serve coherent optical phonons. The phonon dynamics is induced by an intense optical

pump pulse and detected by a weak probe pulse with duration as short as 45fs.

Measurements of coherent optical phonons in GST/InAs (111) and InAs (111) sam-

ples have been performed as the pump polarisation, the sample orientation and pump

�uence are varied. The transient re�ectivity and ellipticity signals reveal coherent op-

tical phonons with frequencies of 6.5 THz and :3.4 THz in InAs(111) and the two

epitaxial GST/InAs(111) samples respectively. Microscopic and macroscopic theories

are presented, that consider the Raman tensor and phonon representation, and predict

that both zinc blend and rock-salt structures possess a three dimensional T2 optical

phonon mode at the zone centre. This T2 mode is Raman active in the zinc blend struc-

ture, while it is Raman inactive in rock-salt structure. A theory of transient stimulated

Raman scattering (TSRS) is presented to explain how the amplitude of the coherent

optical phonon depends upon the pump and probe polarisation when excitation occurs

by a combination of impulsive stimulated Raman scattering (ISRS) and excitation of a

surface space charge (SSC) distribution. Comparison of experiment with theory sug-

gests that the 6.5 THz optical phonon observed in the ellipticity signal for InAs(111)

has three dimensional T2 character. A coherent optical phonon is observed between

2.9 and 3.4 THz in the ellipticity signal for both GST/InAs(111) samples, and in the

re�ectivity signal of one of the GST/InAs(111) samples, and is inferred to also possess

three dimensional character. Cubic GST is believed to adopt a rock-salt like structure

with approximately 20% vacancies of the Ge and Sb sites. The ordering of vacancies

within GST, the displacement of ions from their positions in the rock salt structure, and

a resulting lack of inversion symmetry results in the :3.4 THz coherent optical phonon
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being Raman active with the underlying three dimensional T2 �like character. Indeed the

observation of the T2 -like phonon mode con�rms that the underlying crystallographic

structure of GST is essentially cubic.

The TSRS theory predicts that, for a (111) surface of a cubic crystal, the amplitude

of the oscillation generated by the phonon within the ellipticity signal should have a

sin(2(θ − φ)) dependence upon the orientation of the pump electric �eld, θ, and probe

electric �eld, φ, within the plane of the sample. The pump beam is expected to excite

a superposition of T2x, T2y, and T2z phonons. For the (111) surface of the zincblend

and rocksalt structures, the experiment observations revealed that the ellipticity signals

have sin(2(θ− φ)) dependence on pump and probe polarization that is characteristic of

the specular optical Kerr e�ect (SOKE). Hence, impulsive stimulated Raman scattering

mechanism (ISRS) and the SOKE are seen to provide equivalent descriptions of the same

phenomenom.

The (TSRS) theory predicts that, for a (111) surface of a cubic system, the T2x, T2y, and

T2z modes can be observed in both the re�ectivity and anisotropic re�ectivity signals.

However, the degeneracy of these three phonons may be lifted by structural distortion,

so that dephasing of modes of similar phase but di�erent frequency leads to a large

apparent damping of the phonon oscillations.

The application of high pump �uence to the InAs(111) sample was found to lead

to no change in the observed phonon frequency. However exposure of one of the

GST/InAs(111) samples to high pump �uence led to the appearance of a new phonon

mode, suggesting that a structural change had occurred.
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1. Introduction

The invention of the laser [1] has contributed to the development of research in many

areas of science and engineering. A large variety of applications in physics, chemistry,

biology and medicine have been created by laser technology. The temporal width of laser

pulses was decreased to a few picoseconds with the development of pulsed laser sources

in 1976 [2]. Currently the minimum achievable pulse duration is estimated to be a few

attoseconds [3].

With the realisation of fs-laser pulses, a new scienti�c �eld called ultrafast phenomena

was created. The availability of fs-laser pulses has armed the researcher with tools with

high enough temporal resolution to investigate atomic motion, phase transitions and the

formation and breaking of chemical bonds in the time domain. By probing with fs-laser

pulses, it is possible to resolve and analyse ultrafast processes occurring on timescales

ranging from a few femtoseconds to tens of nanoseconds.

A major topic of interest in the study of ultrafast phenomena is the excitation and

detection of coherent lattice vibrations. Phonon properties such as frequency, amplitude

and relaxation time provide information about the material's structure. One of the most

studied materials is Ge2Sb2Te5 (GST) [4, 5]. GST is one of the most commonly used

materials in phase change memory applications due to the fast and reversible phase

transition between its amorphous and crystalline phases, as well as the clear di�erences

in optical and electrical properties between these two phases.

In this thesis I present comprehensive time-resolved measurements investigating the be-

haviour of coherent optical phonons and the structure of GST. In these measurements, a

femtosecond laser pulse pumps the material, inducing a transient birefringence, which is

probed by another fs-laser pulse for various orientations of the pump and probe electric
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�eld. The electron-and lattice- dynamics following this excitation of GST have been

studied by measuring the transient changes in both the intensity and ellipticity of the

re�ected light with a temporal resolution down to 45 fs. The dependence of the coherent

optical phonon signal upon the pump and probe polarizations, sample orientation, and

increased pump �uence will be described. All the theoretical considerations required to

explain the experimental results in this thesis are also presented.

The Raman spectrum of the crystal plays a major role in providing information about

the crystal lattice vibration frequencies. The Raman E�ect has been described as the

interaction of incident light of frequency ωi with the crystal so as to create or destroy

a lattice vibration, which leads to a decrease or increase in the frequency of the scat-

tered light. Lattice vibrations with certain types of symmetry can give rise to Raman

scattering and these vibrations are known as �Raman active� [6]. In Raman scattering

measurements, the intensity of the scattered light is calculated from the Raman tensor,

which depends on the crystal symmetry. In this thesis, the Raman tensor and Raman

selection rules will be discussed in order to determine which phonon modes are Raman

active in both the zinc blende and rock salt structures.

Chapter 2 explains some concepts involving phonons and the phonon dispersion curve

for the zinc blende and rock salt structures. The group theory and symmetry operations

of these two structures are described with the aim of understanding the Raman active

modes present at the Brillouin zone centre. Both macroscopic and microscopic Raman

theories are explained so as to understand the role of the Raman tensor and the associated

selection rules that can be used to explain the experimental results.

Chapter 3 reviews the transient stimulated Raman scattering (TSRS) theory [7] for the

generation and detection of coherent optical phonons. The mechanisms of excitation of

coherent optical phonons and the experimental techniques used to detect them are also

presented in this chapter.

Chapter 4 presents general information about phase change materials. In addition, the

structure of GST , its phonon spectrum, and its optical and electrical properties are

discussed.

The experimental set up used for the investigation of coherent optical phonons in epitaxial
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Ge2Sb2Te5/InAs(111) and InAs (111) wafer is presented in chapter 5. The pump-

probe technique, a widely applicable tool for the investigation of ultrafast phenomena,

is introduced. The chapter begins with a general discussion of linear and non-linear

phenomena and a brief explanation of the specular optical Kerr e�ect (SOKE) is given.

Expressions for the re�ection coe�cients for light re�ected from a uniaxial material and

the asscoiated optical rotation and ellipticity are given.

Measurements of the transient re�ectivity and ellipticity of optically excited InAs (111)

and Ge2Sb2Te5/InAs(111) are presented in chapters 6 and 7 respectively. The optical

phonon has been excited by 45 fs optical pulses produced by an ampli�ed Ti:sapphire

mode-locked laser. The characteristics of the coherent optical phonons that can be

observed within the optical measurements are presented as a function of pump polarisa-

tion, sample orientation, and high pump �uence. The results are analysed and discussed

in light of the theoretical considerations presented previously. The theory of TSRS is

applied to the zinc blende and rock salt structures and used to infer the presence of T2

phonons in InAs and GST. The phonon amplitude observed in the transient ellipticity

signals obtained from InAs and GST exhibits a sin(2(θ−φ)) that is also a characteristic

SOKE-like dependence on the orientation of the pump electric �eld θ and probe electric

�eld φ within the plane of the sample. This is shown to be consistent with the excitation

of a superposition of T2x, T2y, and T2z phonons by means of impulsive stimulated Raman

scattering (ISRS). The oscillations observed in the GST/InAs (111) samples are heavily

damped and strongly chirped. It is suggested that the apparently large damping is in

fact depahsing that occurs because the degeneracy of the T2x, T2y, and T2z phonons is

lifted due to structural distortion.

Finally, chapter 8 summarises the experiment results and their interpretation with some

suggestions of future work.





2. Phonons and Raman Theory

2.1. Introduction

This chapter will provide a brief discussion of phonons and Raman theory in zinc-blende

and rock salt structures. I will begin by presenting the structures of these two crystals.

I will display the phonon concepts and phonon dispersion curves of these crystals. Infor-

mation about their symmetry operations is presented to understand the Raman active

mode. Finally, the macroscopic and microscopic Raman theories are discussed to un-

derstand the Raman tensors and the Raman selections rules and to investigate which

phonons are Raman active modes.

2.2. Face-centred cubic (fcc) lattice

The primitive translation vectors a1, a2 and a3 of the fcc lattice are shown in �gure

2.1 . Primitive cells by de�nition contain only one point, but the conventional fcc cell

contains four lattice points.

Figure 2.1.: The primitive translation vectors of the face centred cubic lattice [8].
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Figure 2.2.: First Brillouin zone of face centre cubic lattice [8]

The primitive translation vectors of the fcc lattice are:

a1 =
a

2
(ŷ + ẑ); a2 =

a

2
(x̂+ ẑ); a3 =

a

2
(x̂+ ŷ), (2.1)

where a is the cubic lattice constant.

The volume of the primitive cell is

|a1 · a2 × a3| =
1

4
a3. (2.2)

The primitive translation vectors of the reciprocal lattice are:

b1 =
2π

a
(−x̂,ŷ,ẑ); b2 =

2π

a
(x̂,− ŷ,ẑ); b3 =

2π

a
(x̂,ŷ,− ẑ). (2.3)

The volume of the primitive cell of the reciprocal lattice is

|b1 · b2 × b3| = 4(
2π

a
)3. (2.4)

The �rst Brillouin zone of the fcc lattice is formed by 8 hexagonal and 6 square faces

which give truncated octahedron as in �gure 2.2 [9, 10, 11] . Four high symmetry

point of this Brillouin zone are Γ = (0,0,0), K = 2π
a

(3/4, 3/4, 0), X = 2π
a

(1, 0, 0) and

L = 2π
a

(1/2, 1/2, 1/2). The principal lines are Γ −X (∆), Γ − L (Λ) and Γ −K (Σ)[9].
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2.2.1. Crystal structure with the fcc lattice

We will consider two structures with the fcc lattice within this thesis.

Sodium Chloride Structure (NaCl):

Each point in the fcc lattice has a basis of one unit of NaCl as in �gure 2.3. The Na atom

is at (0,0,0) and The Cl atom is at (1/2, 1/2, 1/2). Each atom has six nearest neighbours

of the opposite type.

Figure 2.3.: The crystal structure of sodium chloride [12].

zinc-blend Structure:

The basis includes one atom at (0, 0, 0) and the other atom at (1/4, 1/4, 1/4) as shown

in �gure 2.4. Each atom has four nearest neighbours located on the corners of a regular

tetrahedron [10].

Figure 2.4.: The crystal structure of zinc-blende [8].
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2.3. Symmetry operation of zinc-blende and rock

salt structures

The zinc-blende point group has 24 elements identical to the elements of the point

group of a tetrahedron which is denoted by Td. The translational symmetry operations

of zinc-blende are de�ned in terms of the three primitive lattice vectors shown in Figure

2.1. The point group symmetry operations of the zinc-blende crystal are de�ned with

respect to the three mutually perpendicular crystallographic axes with the origin placed

at one of the two atoms in the primitive unit cell. With this choice of coordinates, the

24 operations are speci�ed below:

E: identity;

Eight C3 operations: clockwise and counterclockwise rotations of 120� about the [111],

[1̄11], [11̄1], and [111̄] axes, respectively;

Three C2 operations: rotations of 180� about the [100], [010], and [001] axes, respec-

tively;

Six S4 operations: clockwise and counterclockwise improper rotations of 90� about

the[100], [010], and [001] axes, respectively;

Six σ operations: re�ections with respect to the (110), (110), (101), (101), (011), and

(011) planes, respectively.

The irreducible representations of the Td point group are A1 and A2 (one dimensional

representations), E (two dimensional representations) and T1 and T2 (three dimensional

representation), see appendix 1 for more explanation.

The rock salt crystal structure has a centre of inversion symmetry. Therefore it has

48 symmetry operations consisting the symmetry operations of the Td point group plus

those of Td followed by the inversion operation. The point group of this structure is

denoted as Oh and its symmetry operations are:

E identity;

Three C2: C2 rotation about each of the three equivalent [100] axes;
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Six S4: two four-fold improper rotations about each of the three equivalent; [100] axes;

Six σd: re�ection on each of the six equivalent (110) planes;

Eight C3: two C3 rotations about each of the four equivalent [111] axes;

i: inversion;

3σh: re�ection on each of the three equivalent (100) planes;

6C4: two C4 rotations about each of the three equivalent [100] axes;

6C
′
2:C2 rotation about each of the six equivalent [110] axes;

8S6: two three-fold improper rotations about each of the four equivalent [111] axes.

If the point group of a crystal structure contains an inversion centre as one of its symme-

try elements, then it is known as a centrosymmetric crystal (as NaCl). Crystals without

an inversion centre are known as non-centrosymmetric crystal and display certain physical

properties, such as the piezoelectric e�ect (as InAs and GaSb)[8, 13, 14, 15].

2.4. Phonons

The atoms of a crystal within the harmonic approximation are visualized as joined by

harmonic spring and the crystal dynamics is analysed in terms of a linear combinations

of 3N ( N is the atom number) normal modes of vibrations. A normal mode of vibration

behaves as a traveling wave and can be expressed as

A exp[i(k · r− ωt)], (2.5)

where k is the direction of wave propagation, A is the vibration amplitude and ω is the

circular frequency of the wave. The normal mode energies are quantized, that means

the kth mode has energy equal to

Ek = (nk + 1/2)~ω(k), (2.6)

where nk is the vibrational quantum number, equal to 0,1,2,. . . . The quantum of

energy ~ω(k) is associated with an elementary excitation called a phonon. Thus the
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phonon represents the quantum of crystal vibrational energy and has the concept similar

to the photon of an electromagnetic wave. The phonon arises from the relative motion

of atoms not from the motion of their centre of mass, therefore a phonon does not

carry a momentum in the same way as the photon. For practical purposes we assign

the momentum ~k to a phonon in the kth mode. Therefore the phonon is called a

quasi-particle.

In thermal equilibrium the average number of phonons in the kth mode at temperature

T is given by Bose-Einstein distribution function

n̄k =
1

exp(~ω(k)/kBT )− 1
, (2.7)

where kB is Boltzmann's constant. This expression explains that at absolute zero there

are no phonons in the crystal. If the temperature is low (~ω � kBT ) the average

number of phonons is approximately equal to exp(−~ω/kBT ) and therefore there is an

exponentially small probability for a phonon to be present. If the temperature is high

(kBT � ~ω) the average number of phonons is approximately equal to (kBT/~ω) and

therefore there is a linear increase in the number of phonons with temperature [9].

2.4.1. Acoustic and Optical, Transverse and Longitudinal

Phonons, Diatomic linear chain

Consider a diatomic linear chain with N unit cells and each unit cell containing two

atoms of di�erent masses M1 and M2 as in �gure 2.5. Consider the distance between

two neighboring atoms as a.

Applying Newton's second law on the motion ( longitudinal or transverse) of this struc-

ture gives its dispersion relation [10, 11, 16]:

ω2 = Λ(
1

M1

+
1

M2

)±Λ

√[
(

1

M1

+
1

M2

)2 − 4
(sin(ka))2

(M1M2)

]
, (2.8)

where Λ is the nearest neighbour's force constant. The ± signs give two dispersion

relations and lead to two dispersion curves as in �gure 2.6 . The �rst Brillouin zone goes
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Figure 2.5.: Linear diatomic chain in one dimension.

from − π
2a
≤ k ≤ π

2a
. The lower curve is for acoustic modes corresponding to the minus

sign. The top curve is for optical modes corresponding to the plus sign.

If k ≈ 0, ka is small, we obtain

for the optical branch

ω = [2Λ(
1

M1

+
1

M2

)]
1
2 ;

A1

A2

= −M2

M1

, (2.9)

for the acoustic branch

ω =

[
Λ/2)

M1 +M2

] 1
2

ka;
A1

A2

= 1, (2.10)

where A1and A2 are the amplitudes of the atom displacement. In the acoustic branch

when ω = 0, A1= A2, the two atoms in unit cell have the same amplitude and move in

phase. In the optical branch, A1M1 + A2M2 = 0, this means the two atoms move out

of phase.

At the zone boundary, where k = π
a
, the solutions are

ω = (
2Λ

M1

)
1
2 ; A1/A2 =∞ =⇒ A2 = 0 (2.11)

ω = (
2Λ

M2

)
1
2 ; A1/A2 = 0 =⇒ A1 = 0 (2.12)
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Figure 2.6.: The phonon dispersion spectrum of the diatomic linear chain [9].

In each case, one type of atom is stationary while the other vibrates. The mass of the

vibrating atom determines the frequency of the mode [9, 10, 11, 16, 17, 18].

Three dimensional crystals

Consider a three-dimensional monatomic structure, where each unit cell has a single

atom. The equation of displacement of each atom can be written as equation 2.5

un = A exp[i(k · r− ωt)],

where the wave vector k de�nes the wavelength and the direction of the propagation.

The vector A de�nes the amplitude and the direction of the atomic vibrations.

Substituting of equation 2.5 into the relevant equation of motion gives three equations

including Ax, Ay and Az which are the component of A. These equations are equivalent

to 3×3 matrix equation. The secular equation of this matrix gives a 3×3 determinantal

equation which is cubic in ω2. The roots of this equation gives three di�erent dispersion

relations or three dispersion curves as in �gure 2.7. Since we have one atom per unit

cell, all the three branches are acoustic and pass through the origin [16].
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Figure 2.7.: The three acoustic branches in a three dimensional monatomic crystal.

In general, there are 3z branches for any k-direction, where z is the number of atoms

per unit cell. Three of these branches are acoustic branches and 3z-3 optical branches.

Atomic vibrations corresponding to any of the branches, acoustic or optical, can be

transverse (A⊥k) or longitudinal (A‖k) or a mixture of longitudinal and transverse.

The acoustic and optical transverse are abbreviated as TA and TO respectively and the

acoustic and optical longitudinal are abbreviated as LA and LO respectively. In cubic

crystals the concept of pure longitudinal and transverse modes is only de�ned when k is

along one of the symmetry directions [100], [110] and [111] [8, 9, 11].

2.4.2. Optical phonons in zinc-blende and rock salt structures

In a zinc-blend structure such as InAs and rock salt structure such as NaCl there are six

phonon branches. These branches are three acoustic phonon branches (LA, T1A,T2A)

and three optical phonon branches which split at the zone centre into one longitudinal

(LO) mode and two doubly degenerate transverse (T1O,T2O) modes. The acoustic

modes are generated with two basis atoms moving in phase with each other. The three

acoustic branches at the zone center have the representation T1 (Γ
−
15). The optic modes

are generated with two basis atoms moving out of phase with each other. The three

optical branches at the zone center have the representation T2 (Γ+
25) [19, 20]. The

dispersion curves of the transverse acoustic phonons are relatively �at near the zone

edge and their energies are lower than the longitudinal acoustic phonon as shown in
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�gure 2.8 [8, 21, 22].

(a) InAs [9] (b) NaCl [23]

Figure 2.8.: Phonon dispersion curves for (a) InAs, (b) NaCl.

The splitting of the LO and TO branches for long-wavelength appears in almost all

crystals which are heteropolar (partially ionic as InAs and GaAs) or ionic (as NaCl).

This splitting is due to the electrostatic �eld generated by the long-wavelength modes

of vibrations in such crystals [8].

As we mentioned above, for a long-wavelength optical phonon mode the two atoms in

the unit cell vibrate against each other. In an ionic crystal, this optical phonon mode

will create a �nite polarisation density P, which causes a macroscopic electric �eld E

and an electric displacement D.

D = εE = E + 4πP, (2.13)

where ε is the dielectric constant of the medium. The quantities D and E satisfy the

electrostatic equations

∇�D = 0. (2.14)
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∇ÖE = 0. (2.15)

In a cubic crystal D
f
E

f
p [24] and from equations 2.14 and 2.15 we have

For LO mode

D = 0 E = −4πP. (2.16)

For TO mode

E = 0. (2.17)

This means that for a long-wavelength LO vibration there is a non-vanishing long-range

electric �eld associated with it.

The long-wavelength vibration experiences an electrostatic restoring �eld in the presence

of the polarisation density P and the electrostatic �eld E and this is given by the Lorentz

relation in a cubic crystal

Eeff = E + 4πP/3, (2.18)

where Eeff is called the e�ective �eld. The equations 2.16, 2.17 and 2.18 give

For LO mode

Eeff = −8πP/3. (2.19)

For TO mode

Eeff = 4πP/3. (2.20)

In LO vibrations Eeff reduces the polarisation, while in TO vibrations it supports the

polarisation. At the zone center the LO and TO frequencies are related by the Lyddane-

Sachs-teller relation (LST) [25]

ω2
LO = (

ε◦
ε∞

)ω2
TO (2.21)
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Figure 2.9.: Stokes and AntiStokes Raman scattering processes[26].

where in the crystal, ε◦ and ε∞ are the static and optical dielectric constants respectively.

Therefore the long-wavelength LO and TO frequencies will be split by the �nite amount

ωLO − ωTO in an ionic crystal [9].

2.5. Light Scattering: Rayleigh and Raman

Scattering

When a material in the ground state g is illuminated by monochromatic radiation of

frequency ω, it can undergo a transition to the �nal state n via a virtual excited state

n? by absorbing a photon with frequency ω and emitting a photon of frequency ωs as

in �gure 2.9. The energy di�erence in this transition ~ω = (ω − ωs) is carried away

by a phonon of frequency ω0. This process is referred to as the Stokes scattering. The

material may also absorb a photon of frequency ω while undergoing a transition from n

to g via a virtual level and emitting a photon of frequency ωa. The energy di�erence is

compensated by annihilation of a phonon of frequency ω0 = (ωa − ω). This process is

referred to as the anti-Stokes scattering [26, 27, 28, 29, 30, 31].
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2.6. The Raman Tensor � Macroscopic Theory

According to classical electrodynamics the emission and absorption of radiation appears in

any motion of an atomic system that result in a change in the dipole moment. During the

vibrational motion of a molecule the charge distribution undergoes a periodic change, and

therefore in general the dipole moment changes periodically. A fundamental frequency

appears as a shift in the Raman spectrum if the amplitude of the dipole moment induced

by the incident radiation changes during the vibration. The magnitude of the polarisation

P that represent the number of the dipole moment per unit volume is given by

|P| = χ|E|, (2.22)

where χ is the susceptibility of the medium and the electric �eld vector of the incident

light E is expressed as

E(r, t) = Ei(ki, ωi) cos(ki · r− ωit), (2.23)

which induces the polarisation of the material during the light- material interaction. The

induced polarisation can also be expressed in the similar manner

P(r, t) = Pi(ki, ωi) cos(ki · r− ωit). (2.24)

The frequency ω and the wave vector k of the polarisation are the same as the incident

radiation, while the polarisation amplitude is given by

Pi(ki, ωi) = χ(ki, ωi)Ei(ki, ωi). (2.25)

The physical displacement Q(r, t) of atoms about their equilibrium positions due to the

particular vibrational mode may be expressed by following equation 2.23 as

Q(r, t) = Q(q,ω0) cos(q · r− ω0t), (2.26)
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with wave vector q and frequency ω0. For such small displacements, the susceptibility

may be expanded by a Taylor series in Q(r,t), namely

χ(ki, ωi,Q) = χ0(ki, ωi) + (∂χ/(∂Q)0Q(r, t) + · · · , (2.27)

where χ0 denotes the electric susceptibility at the equilibrium position. The second term

shows an oscillating susceptibility induced by the lattice wave. The polarisation can be

expressed in the presence of the atomic vibrations by substituting 2.27 in 2.25 as

P(r, t,Q) = P0(r, t) + Pind (r, t,Q) , (2.28)

where P0(r, t) is a polarisation vibrating in phase with the incident light and can be

written as

P0(r, t) = χ0(ki, ωi)Ei(ki, ωi) cos(ki · r− ωit). (2.29)

The Pind(r, t,Q) is a polarisation wave induced by the phonon and can be written as

Pind(r, t,Q) = (∂χ/∂Q)0Q(r, t)Ei(ki, ωi) cos(ki · r− ωit). (2.30)

Using a trigonometric identity, the Pind(r, t,Q) relation may be expanded as

Pind(r, t,Q) = (1/2)(∂χ/∂Q)0Q(q, ω0)Ei(ki, ωi, t)

×{cos [(ki + q) · r− (ωi + ω0)t] + cos [(ki + q) · r− (ωi + ω0)t]} .
(2.31)

By adding 2.29 and 2.31 the polarisation P(r,t,Q) can be written as

P(r, t,Q) = χ0(ki, ωi)Ei(ki, ωi) cos(ki · r− ωit) + (1/2)(∂χ/∂Q)0Q(q, ω0)Ei(ki, ωi, t)

×{cos [(ki + q) · r− (ωi + ω0)t] + cos [(ki − q) · r− (ωi − ω0)t]} .
(2.32)
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The above equation reveals that induced dipole moments are created at three distinct

frequencies, namely ωi, (ωi − ω0), and (ωi + ω0), which results in scattered radiation at

these same three frequencies. The �rst scattered frequency corresponds to the incident

frequency, hence is elastic scattering known as Rayleigh scattered. The second frequency

represent the Stokes shifted wave with wave vector ks = (ki − q) and frequency ωs =

(ωi − ω0). The third frequency represent an anti-stokes shifted wave with wave vector

kAs = (ki + q) and frequency ωAs = (ωi + ω0). The scattered light in the latter two

cases is referred to as Raman scattering [8, 30].

Equation 2.32 reveals that the Stokes and the anti-stokes lines have the same frequency

separation from Rayleigh line which results in them having the same energy separation

from the incoming laser light. The intensity of the scattered radiation Is (Raman scat-

tering intensity) can be calculated from the polarisation of the incident and scattered

radiation intensities ei and es respectively as

Is � |ei.(∂χ/∂Q)0Q(ω0).es|2. (2.33)

The atom displacementQ is a vector so that (∂χ/∂Q) is a third rank tensor. The Raman

intensity is proportional to the atomic displacement (vibrational amplitude) squared. By

introducing a unit vector Q̂ = Q/|Q| parallel to the atomic displacement and by taking

the derivative of the susceptibility with respect to the atomic displacement we can de�ne

the Raman tensor R, which is a complex second rank tensor, as

R = (∂χ/∂Q)0 Q̂(r, t). (2.34)

Therefore the Raman intensity is propositional to

Is � |ei.R.es|2. (2.35)

Equation 2.35 shows that the dependence of the intensity of the scattered light on the

polarisations of the incident and scattered light plays an important role in determining

the symmetry of the Raman tensor and the symmetry of the corresponding Raman
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active phonons. The intensity of the scattered light vanishes for certain choices of ei

and es and scattering geometries as a result of the symmetries of the medium and the

vibrational modes involved in the scattering. These are called Raman selection rules and

are very useful for determining the symmetry of the Raman active phonons. Therefore

the frequency and the symmetry of a zone centre phonon can be determined by Raman

scattering, which means it is a powerful tool for studying the optical vibrational modes

in a medium [8, 32].

2.6.1. Raman active and inactive modes in zinc-blende and

sodium chloride structures

In equation 2.34 the quantity (∂χ/∂Q) shows the full point group symmetry of the crystal

and Q shows the representation or symmetry of the phonon (atomic displacement). If

the representation of Q is contained in the representation of (∂χ/∂Q) then the phonon

mode can be Raman active. The phonon displacement vector Q can have even or odd

parity under inversion symmetry. It can have even parity if the basis atoms in the crystal

have the same amplitude and phase for optical vibration and can have odd parity if

not. Centrosymmetric crystals such as diamond and rock salt remain invariant under

inversion symmetry, therefore under the same operation (∂χ/∂Q) will not change. In

the diamond structure there are two identical basis atoms, thus the optical phonon

displacement vector Q has even parity. Therefore, the optical phonon mode is Raman

active in diamond structure. In the rock salt structure there are two di�erent basis

atoms, thus the phonon displacement vector Q has odd parity, therefore the optical

phonon mode is Raman inactive [8, 33].

The Raman selection rules shall be considered for another important structure in this

study, namely zinc-blende which is adopted by GaAs, InAs and GaSb. The zincblend

structure has two non-identical basis atoms, therefore it lacks inversion symmetry and

(∂χ/∂Q) changes sign under the symmetry operation. The displacement pattern in this

structure exhibits odd parity. Therefore, the phonon mode is Raman active in zinc-blend

structure.
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In zinc-blend structure the third rank tensor (∂χ/∂Q) has only one linearly independent

and nonzero component, denoted by d [8]. The nonzero components of the corre-

sponding Raman tensor are dependent on the phonon displacement vector. Consider the

polarisation of the optical phonon along the x axis, its Raman tensor R(X) will have two

nonzero components:

Ryz(X) = Rzy(X) = d.

The Raman tensor R(X) can be represented by 3× 3 matrix as:

R(X) =


0 0 0

0 0 d

0 d 0

 . (2.36)

In the same way, the Raman tensor of the optical phonons polarized along Y and Z axes

can be represented as

R(Y ) =


0 0 d

0 0 0

d 0 0

 ;R(Z) =


0 d 0

d 0 0

0 0 0

 . (2.37)

The zone centre optical phonon in zinc-blende is split into a doubly degenerate transverse

optical mode (TO) and longitudinal optical mode (LO) for q 6= 0. The Raman tensor

elements for these optical phonons are di�erent, and therefore, to distinguish between

them we can use dTO and dLO as the nonzero component for the transverse and lon-

gitudinal optical phonons respectively. The selection rules for Raman scattering in the

zinc-blende structure can be derived by using equations 2.36 and 2.37. The advantage

of using these Raman tensors is that they are able to predict the relative intensities of

the scattering photon for di�erent scattering geometries. The simplest scattering ge-

ometry is when the incident and scattered photon are antiparallel to each other. This

called the backscattering geometry. The selection rules are dependent on the scattering

geometrics which can be speci�ed by four vectors expressed as ki(ei, es)ks, where ki
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Figure 2.10.: backscattering geometry from the (100) surface for zinc-blend structure

and ks are the direction of the incident and scattered photons respectively and ei and

es are the polarisations of the incident and scattered photons respectively [8, 34, 33].

As an example, I will consider backscattering from the (100) and (111) surfaces of the

zinc-blend structure, and discuss whether the detection of TO and LO phonons is allowed

or forbidden.

In the following, the Raman selection rules are derived for backscattering from the (100)

surface. In this case the directions of the incident ki and scattered ks photons are along

the x-axis [100] and the negative x-axis [1̄00] respectively as in �gure 2.10. To conserve

wavevector k the phonons involved in the scattering must propagate along the x-axis.

The polarisation of the LO phonons (atom displacement Q) must be parallel to the k

direction or to the x-axis [100]. In order that ei.R.es be nonzero, one possibility of

the polarisation for the incident ei and the scattered photon es is that the incident

photon is polarised along the y-axis [010] and the scattered photon is polarised along

the z-axis [001] as in �gure (2.10). For general backscattering geometry consideration,

contribution from R(X), R(Y ) and R(Z) have to be included that is i.e

R = aR(X) + bR(Y ) + cR(Z). (2.38)

which subject to

a2 + b2 + c2 = 1 (2.39)
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The only Raman tensor with nonzero yz elements in equation 2.36 is R(X). In this case

the Raman tensor is equal to

R = aR(X). (2.40)

R(X) =


0 0 0

0 0 adLO

0 adLO 0

 . (2.41)

Then the Raman selection rules for LO phonons can be determined by using equation

2.35 as follows

R.es =


0 0 0

0 0 adLO

0 adLO 0




0

0

η

 = dLO


0

aη

0

 . (2.42)

ei.R.es = dLO

[
0 η 0

]
0

aη

0

 = aη2dLO. (2.43)

We can calculate η as follows

es.es = 1. (2.44)

[
0 0 η

]
0

0

η

 = 1. (2.45)

Thus

η = 1. (2.46)
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In the linear combination a2 + b2 + c2 = 1 and for LO phonons the atomic displacement

Q is parallel to [100], therefore

a = 1, b = c = 0. (2.47)

Thus the corresponding scattered intensity Is is proportional to

Is � |ei.R.es|2 = |dLO|2. (2.48)

In the same backscattering geometry above which can written as x(y, z)x̄, the polarisa-

tion of the TO phonons must be perpendicular to the k direction or to the x-axis [100].

In this case the Raman tensor is a linear combination of R(Y) and R(Z).

R = aR(Y ) + bR(Z). (2.49)

R = a


0 0 dTO

0 0 0

dTO 0 0

+ b


0 dTO 0

dTO 0 0

0 0 0

 , (2.50)

R =


0 adTO bdTO

adTO 0 0

bdTO 0 0

 . (2.51)

Then the Raman selection rules for TO phonons can be determined by using equation

2.35 as follows

R.es =


0 adTO bdTO

adTO 0 0

bdTO 0 0




0

0

η

 = dTO


aη

0

0

 , (2.52)

And
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Figure 2.11.: backscattering geometry from the (111) surface for zinc-blend structure

ei.R.es = dTO

[
0 η 0

]
aη

0

0

 = 0, (2.53)

|ei.R.es|2 = 0. (2.54)

Thus the corresponding scattered intensity Is is equal to 0.

As a consequence in this backscattering geometry x(y, z)x̄ or also x(z, y)x̄ from (100)

surface for zinc-blend structure, only the LO phonon participates in the light scattering

and the TO phonon is forbidden or Raman inactive [35, 36, 37, 38, 39]. On the other

hand, in di�erent backscattering geometries for the same (100) surface such as x(y, y)x̄,

x(z, z)x̄ and x(y
′
, z
′
)x̄ the LO phonons is forbidden, but allowed in x(z

′
, y
′
)x̄ where y

′

and z
′
denote the [011] and [01̄1] axes respectively.

Turning now to the backscattering geometry for the (111) surface of the zinc-blend

structure, I will now di�erentiate the Raman selections rules for the x”(z”, z”)x̄” geometry

as in �gure 2.11. The x”, y” and z” denote the [111] , [11̄0] and [112̄] axes respectively.

In this geometry x”(z”, z”)x̄” the directions of the incident (ki) and scattered (ks )

photons are along the [111] and [1̄1̄1̄] axes respectively and the polarisation of the

incident (ei) and the scattered photon (es) are along the [112̄]. The wavevector k must

be along the [111] axis.



50

The polarisation of the LO phonons (atom displacement) must be parallel to the [111]

axis also. In this case the Raman tensor will be

R = aR(X) + bR(Y ) + cR(Z),

R.es =

a


0 0 0

0 0 dLO

0 dLO 0

+ b


0 0 dLO

0 0 0

dLO 0 0

+ c


0 dLO 0

dLO 0 0

0 0 0





η

η

−2η

 ,
(2.55)

= ηdLO


c− 2b

c− 2a

a+ b

 , (2.56)

ei.R.es = ηdLO

[
η η −2η

]
, (2.57)

= 2η2dLO(c− 2a− 2b). (2.58)

We can calculate η as follows

es.es = 1,

[
η η −2η

]
η

η

−2η

 = 1, (2.59)

6η2 = 1,
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η = 1/
√

6, (2.60)

In the linear combination a2 + b2 + c2 = 1 and for LO phonons the atomic displacement

Q is parallel to [111], therefore

a = b = c, (2.61)

a2 + a2 + a2 = 1 =⇒ a = b = c =
1√
3
. (2.62)

With this then

ei.R.es = 1/3dLO(− 3√
3

). (2.63)

The corresponding scattered intensity Is is proportional to

|ei.R.es|2 = 1/3|dLO|2. (2.64)

In the case of TO phonons the polarisations of the phonons (atom displacement) must

be perpendicular to the [111] axis. Therefore it is possible to be parallel to any axis

perpendicular to the [111] axis. If it is parallel to the [112̄] axis then the Raman tensor

will be

R = aR(X) + bR(Y )− 2cR(Z), (2.65)

R = a


0 0 0

0 0 dTO

0 dTO 0

+ b


0 0 dTO

0 0 0

dTO 0 0

− 2c


0 dTO 0

dTO 0 0

0 0 0

 , (2.66)
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ei.R.es =
(
η η −2η

)
a


0 0 0

0 0 dTO

0 dTO 0

+ b


0 0 dTO

0 0 0

dTO 0 0

− 2c


0 dTO 0

dTO 0 0

0 0 0





η

η

−2η

 .
(2.67)

In the linear combination a2 + b2 + c2 = 1 and for TO phonons the atomic displacement

Q is parallel to [112̄] therefore

a = b, c = −2a, (2.68)

Thus

a =
1√
6
, (2.69)

and

η = 1/
√

6. (2.70)

The corresponding scattered intensity Is is proportional to

|e.R.es = 2/3|dTO|2. (2.71)

As a result in the backscattering geometry x”(z”, z”)x̄” for the (111) surface for the

zinc-blend structure both the LO and TO phonons participate in the light scattering and

both are Raman active [35, 36].

Table 2.1 summaries the relative Raman selection rules for di�erent backscattering ge-

ometries from the zinc-blende structure [8].
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Table 2.1.: The Raman selection rules for di�erent backscattering geometries for the
zinc-blende structure

Scattering geometry
Selection rule

TO phonon LO phonon
x(y, y)x̄; x(z, z)x̄ 0 0
x(y, z)x̄; x(z, y)x̄ 0 |dLO|2
x(y

′
, z
′
)x̄;x(z

′
, y
′
)x̄ 0 0

x(y
′
, y
′
)x̄; x(z

′
, z
′
)x̄ 0 dLO|2

y(x, x)ȳ
′

0 0

y(z
′
, x)ȳ

′ |dTO|2 0

y(z
′
, z
′
)ȳ
′ |dTO|2 0

x”(z”, z”)x̄” 2
3
|dTO|2 1

3
dLO|2

x”(z”, y”)x̄” 2
3
|dTO|2 0

From the previous discussion, it can be seen that in the backscattering geometry for the

(100) surface of the zinc-blend structure only the LO is the Raman active, while for the

(111) surface both the LO and TO phonons are Raman active. This is in agreement with

our result of Raman spectra of GaSb (001) and InAs (111) samples as will presented in

chapter 4.

2.7. Atomic displacement pattern for zinc-blende

and rock-salt structures

The vibrations of atoms in each material have di�erent atomic displacement patterns

depending on the crystal structure. An applied ultashort laser pulse generates coherent

optical phonons in a crystal by exciting and forcing the atoms to vibrate in certain

directions with a certain atomic displacement pattern. The allowed atomic vibrations in

the zinc-blende structure have an atomic displacement pattern given by [21]:

−→
d1 = (0, 0, z1); (0, 0, z2) with the displacement along [001] ,

−→
d2 = (x1,−y1, 0); (−x2, y2, 0) with the displacement along [1̄10] or [11̄0] ,

−→
d3 = (x1, y1, 0); (−x2,−y2, 0) with the displacement along [110]or [1̄1̄0] ,
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where
−→
di represents the allowed displacement mode and 1,2 represent the basis atoms.

The atomic displacement pattern in the rock-salt structure is given by

−→
d1 = (x1,−y1,−z1); (−x2, y2, z2) with the displacement along[11̄1̄],

−→
d2 = (−x1,−y1, z1); (x2, y2,−z1) with the displacement along [1̄1̄0] ,

−→
d3 = (−x1, y1,−z1); (x2,−y2, z2) with the displacement along [1̄11̄] .

The allowed atomic displacement modes in zinc-blende and rock-salt are in three di-

mensions which implies that these displacement modes have the three dimensional T2

representation [21].

2.8. Microscopic Raman Theory

The intensity of scattered light depends on the induced dipole moment p, which is

represented by the matrix formed from the following integrals,

ˆ
ψ?npψgdτ (2.72)

where ψg and ψn are the time-dependent eigen functions (atomic displacement functions)

of the system for two states g and n as shown in �gure 2.9 and the dipole moment whose

components are given by

px = αxxEx + αxyEy + αxzEz

py =

pz =

αyxEx + αyyEy + αyzEz

αzxEx + αzyEy + αzzEz

(2.73)

Here x, y, z are the axes of the coordinate system �xed in the crystal. The αxx, αxy,. . . . . .

are the components of the polarizability tensor α, which are constants independent of
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the directions of E and p. They have the property that αkj = αjk so that there are in

fact only six independent functions α11, α22, α33, α12, α23, α13 [40, 41] to be considered,

which are transformed by the symmetry operations of the point group of the crystal in

exactly the same way as the functions x2, y2, z2, xy, yz, xz which can be formed from

the coordinates (x,y,z) of a general point. The time-independent part in equation 2.72

is

[p◦]gn =

ˆ
ψ?np

◦ψgdτ, (2.74)

where p◦ is the amplitude of p. Substituting p in equations 2.72 into equation 2.73gives

the components of [p◦]gn:

[p◦x]
gn = E◦x

´
αxxψ

?
nψgdτ + E◦y

´
αxyψ

?
nψgdτ + E◦z

´
αxzψ

?
nψgdτ

[p◦x]
gn = E◦x

´
αxyψ

?
nψgdτ + E◦y

´
αyyψ

?
nψgdτ + E◦z

´
αyzψ

?
nψgdτ

[p◦z]
gn = E◦x

´
αxzψ

?
nψgdτ + E◦y

´
αyzψ

?
nψgdτ + E◦z

´
αzzψ

?
nψgdτ

(2.75)

where E◦x, E◦y, E◦z are the components of the amplitude of the incident light wave,

and the integrals [α◦xx]
gn =

´
αxxψ

?
nψgdτ , [α◦xy]

gn =
´
αxyψ

?
nψgdτ, ...........are the matrix

elements of the six components of the polarizability tensor. The diagonal matrix elements

(g=n) of α or p◦ are attributed to the Rayleigh scattering and the o� diagonal matrix

elements are attributed to the Raman scattering. The Raman transition g�n is allowed if

at least one of the six quantities[αxx]
gn, [αxy]

gn,. . . . does not equal zero. In other words

a Raman transition between two vibrational levels is allowed if the product ψnψghas

the same representation as at least one of the six components αxx,αxy, . . . .. of the

polarizability tensor [42].

If we consider the origin state ψg as constant, then the �nal state ψnwill be equal to

the di�erence between the displacement vectors ū1x − ū2x, so that ψnψg = ū1x − ū2x,

which is the relative displacement of the two basis atoms.

If we consider ψnψg to be equal a function f(x) and αij equal to a function g(x), then

the intensity of the scattered light will given as
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Is =

ˆ
g(x)f(x)dτ. (2.76)

If the product of g(x)f(x) is odd then Is = 0 and if the product of g(x)f(x) is even

then Is 6= 0.

In the diamond structure there are two identical basis atoms, therefore after applying

the light the atomic displacement of the two basis atom will be the same and result in

f(x) being even. Also the two basis atoms remain invariant under inversion symmetry

which leads to that g(x) being even. As a result the intensity of scattered light Is 6= 0

and the vibrational transition ψg to ψn can give rise to a line in the Raman spectrum.

In the rock salt structure the non-identical basis atoms have di�erent atomic displace-

ment and remain invariant under inversion symmetry, which means that f(x) is odd and

g(x) is even. As a consequence the intensity of scattered light Is = 0 and the vibrational

transition ψg to ψn can not give rise to a line in the Raman spectrum.

In the zinc-blende structure the two non-identical atoms have di�erent atomic displace-

ment and lack the inversion symmetry, which means that f(x) is odd and g(x) is odd.

As a result the intensity of scattered light Is 6= 0 and the vibrational transition ψg to ψg

can give rise to a line in the Raman spectrum.

In conclusion, in diamond and zinc-blende structures the phonon modes are Raman active

and in rock salt structure they are Raman inactive.

2.9. Summary

In this chapter I have described the concept of phonons, symmetry operations and Raman

theory. The irreducible representations of the zinc-blend point group Td and the rock salt

point group Oh are A1, A2, E, T1, and T2. The zone-centre optical phonon mode for the

zinc-blend and rock salt structures has the representation T2 . While the phonon mode is

Raman active in the zinc-blend structure, it is Raman inactive in the rock salt structure.

The macroscopic and microscopic Raman theories show that an optical phonon that

modi�es the polarisability can be Raman active in �rst order Raman scattering, and that
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this requires the phonon displacement representation to be contained within the set of

point group representations.





3. Coherent optical phonons

3.1. Introduction

The development of the ultrafast laser brought new possibilities for the time resolved

detection of transient phenomena on picosecond and subpicosecond time scales. For

the �rst time, it enabled observations on time scales shorter than period of lattice to

be studied. It therefore allows material and molecules to be observed at various stages

of vibrational distortion. Pump probe measurements with di�erent photon energy, light

intensity and polarisation have been performed with ultrafast laser sources, allowing

impulsive stimulated processes to be studied in condensed material. One of the distinctive

applications of these measurements is the investigation of coherent phonons of di�erent

materials. Among these materials is GST225 that is used in phase change memory

applications. In the early work using picodecond pulses, interest focused on the excitation

of lattice oscillations by a process referred to as transient stimulated Raman scattering

(TSRS). A theory of TSRS will now be used to determine the expected dependence

of the signal due to the coherent optical phonons (COPs) upon the pump and probe

polarisation. The theory is applied in two stages, �rstly to determine the excitation of

the COPs by the pump, and secondly to describe the scattering of the probe beam by

the COPs (the phonons modulate the polarizability of the medium). The aim of this

chapter is to explain the mechanisms of excitation of coherent optical phonons and the

experiment that is used to detect them.

59
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3.2. Generation of coherent optical phonons

Laser pulses with duration su�ciently shorter than the oscillation period of fundamental

lattice vibrations allow us to excite lattice modes coherently. A coherent excitation

means excitation of a large number of phonons in one mode with a constant phase

relation [43]. The advantages of using ultrashort laser pulses to excite coherent optical

phonons are: �rst to measure the transient phonon dynamics not just as a time average

mean displacement of atoms but also in real time; secondly it is possible to investigate

the phonon relaxation time of the system [26].

The equation of motion of coherent optical phonons displacement amplitude Q can be

expressed as driven harmonic oscillator [43, 44, 45].

m(
d2Q(t)

dt2
+ 2γphonon

dQ(t)

dt
+ ω2

phononQ(t)) = FQ(t), (3.1)

where m is the mass of the atom, γ is the damping constant, ω is the frequency of

the phonons and FQ(t) is the driving force. The Raman driving force is given by the

interaction between the electromagnetic �eld and the susceptibility χ of the material

and can be expressed as [43]

FQ(t) =
1

2
(
dχ

dQ
)EkEl. (3.2)

Several mechanisms have been discussed in the literature [43, 46, 7, 47, 48, 49, 50, 51,

52, 53] to solve equation (3.1). The e�ect of the driving force has been discussed in

terms of the impulsive stimulated Raman scattering (ISRS) and displacive excitation of

coherent phonons (DECP). The ISRS mechanism can occur at either a nonresonant or

resonant excitation wavelength. The DECP mechanism is an impulsive absorption which

can occur on resonance [46].

Figure 3.1 represents the ISRS and DECP (impulsive absorption) mechanisms. Figure 3.1

(a) represents the ISRS where the excitation wavelength is di�erent from any electronic

absorption resonance. Here, the ultrashort excitation pulse applies a sudden (�impulsive�)

driving force to generate coherent vibrational motion in the molecular ground electronic
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Figure 3.1.: Mechanisms (a) of impulsive stimulated Raman scattering and (b) displacive
excitation coherent phonons

state. In ISRS the pulse duration of the excitation is required to be short compared with

the vibrational oscillation period.

Generally, stimulated Raman scattering requires two frequencies, ω1 and ω2 where their

di�erence matches the frequency of a light-scattering-active vibrational mode. The

square of the superposed electric �elds generates an oscillatory driving force at the

di�erence frequency which is equal to that of the vibrational mode. This causes a

phonon mode to experience forced oscillations which may continue after the e�ected

pulses are removed. In impulsive stimulated scattering the excitation pulse is applied

only for a fraction of the vibrational oscillation period, and an impulsive force on the

vibrational mode is delivered instead of an oscillatory force and the generated coherent

oscillations continue after the e�ected pulse is removed. Within the spectral bandwidth

of the pulse, many frequency components are available to play the roles of ω1 and

ω2[46]. In ISRS the time period of atomic vibration τ◦ is larger than the duration of

applied pulse (ω2 − ω1)
−1 [7, 54]. The system is excited from the ground state to the

virtual state without appreciable change in the vibrational state ( atoms do not change

their positions), which means that the pulse provides kinetic energy to the system in

moving to the virtual state, but when the electrons move from the virtual state to the

�nal state, the atoms will change their positions. As a result, between the ground state

and the �nal state there is a change in the atomic coordinates.
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Figure 3.1 (b) illustrate the DECP ( impulsive absorption) mechanism where the excita-

tion wavelength is near to an electronic absorption wavelength (resonance), so absorption

may occur and coherent vibrational motion may be generated in the excited electronic

state in addition to the electronic ground state. Absorption of the excitation pulse cre-

ates an excited electronic state with the same geometry as the electronic ground state

but with atomic position shifted from equilibrium. In this case an oscillation about the

new local equilibrium position starts [46]. In DECP the time period of atomic vibration

τ◦ is shorter than the duration of applied pulse (ω2 − ω1)
−1 [7, 54]. The state of the

system goes from ground state to the virtual state with atom displaced from its original

position. In this case the pulse provides a potential energy change to the system while

promoting it to the virtual state. There is no further change in the equilibrium atoms

position as the electrons relax from the virtual state to the �nal state.

For both the ISRS and DECP mechanisms, there is a �nite atomic displacement between

the ground state and the �nal state. Whether this di�erence is the same in both mech-

anisms is unclear and can not be clari�ed easily. Later studies conclude that DECP is a

spacial case of ISRS [26, 46, 54]. Therefore, we will use the language of ISRS exclusively

in our further discussion.

If the pulse is Gaussian and of short duration then ISRS is more appropriate and the

solution to equation (3.1) can be expressed as [7]

Q(u) =
π

1
2 τ0

4ω
|E◦|2 e−ω

2 τ
2
◦
4

(∑ dχkl
dQ

cos(αk)cos(αl)

)
e−

Γu
2 sin(ωu) (3.3)

where cos (αm) and cos (αp) are the direction cosines of the pump electric �eld and

(∂χmp)

∂Q
is the Raman tensor.

3.3. Detection of optical coherent phonons

There are di�erent methods to detect coherent optical phonons in the time domain.

In this study we observe changes in the optical properties of the material that are in-

duced by the coherent lattice displacement. We will focus on time resolves re�ectivity
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measurements as the method of detection.

The changes in the re�ectivity of the material induced by the phonons are assumed to

be small with respect to unperturbed re�ectivity. The change in re�ectivity 4R can be

described using the �rst order Raman tensor dχ
dQ

as [43]

4R =
dR

dn
4n ∼ dR

dχ

dχ

dQ
Q, (3.4)

where n is the refractive index. Equation (3.4) can be written in terms of real ζre and

imaginary ζim parts of the refractive index as[26]

4R =

(
dR

dζre

)
0

.4ζre +

(
dR

dζim

)
0

.4ζim. (3.5)

As mentioned in the previous section, since dχ
dQ

in equation (3.3) is a tensor, so various

modes can be probed selectively by polarisation analysis of the probe beam while choosing

di�erent angles for the initial polarisation of the pump and probe beams. For fully

symmetric phonons the Raman tensor contains diagonal contributions of equal magnitude

only. In this case the re�ectivity changes will be isotropic irrespective of the polarisation

of the probe pulse relative to crystallographic axes. For phonon modes with non diagonal

terms in the Raman tensor, (dχ) (dQ)jk 6= 0 for j 6= k, the re�ectivity changes will

depend on the crystal orientation and the optical polarisation [43].

3.4. Evaluation of signals

As mentioned above the pump beam can excite COPs by impulsive stimulated Raman

scattering (ISRS), and as presented in equation (3.3) for ISRS, the equation of motion

of the displacement of the coherent phonon Q is similar to that of a driven harmonic

oscillator and has solution of the form

Q ∝
∑

mp

(∂χmp)

∂Q
cos (αm) cos (αp) . (3.6)

Alternatively the pump beam can excite the COPs by generation of a surface space
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charge (SSC) �eld where the electrons and holes become spatially separated due to drift

in opposite directions under the in�uence of the built in electric �eld near an interface

[12, 55, 56, 57]. Then it is the SSC �eld that appears on the right hand side of equation

(3.1) and Q is independent of the pump beam polarisation.

Clearly the modulation of the polarizability caused by the COPs is then included in the

wave equation for the probe beam. The solution in equation (3.3) yields the transient

re�ectance 4R
R

detected by the probe, which is found to be proportional to the phonon

amplitude Q and an additional factor
∑

kl
(∂χkl)
∂Q

cos (βk) cos (βl) , where cos (βk) and

cos (βl) are the direction cosines of the probe electric �eld. If the phonon is excited by

a combination of ISRS and SC �eld then

4R
R
∼
(
C +

∑
mp

(∂χmp)

∂Q
cos (αm) cos (αp)

)(∑
kl

(∂χkl)

∂Q
cos (βk) cos (βl)

)
,

(3.7)

where the constant C represents the contribution of the SSC �eld to the excitation of

the COPs.

3.5. Consideration of geometrical alignment of

pump and probe polarisation for the study of

a cubic system.

It is necessary to consider the measurement geometry and the operation of the detector.

Consider when the pump and probe electric �elds lie within the (111) plane and describe

angles θ and φ with the [11̄0] axis as shown in �gure 3.2. Writing the electric �elds in

the coordinate system de�ned by the orthogonal axes of the crystal,

Epump = Epump( cos θû+ sin θv̂) (3.8)

where û and v̂ are the unit vectors
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Figure 3.2.: Pump and probe measurement geometry for cubic (111) material

û =
1√
2

(1,−1, 0) (3.9)

v̂ =
1√
6

(1, 1,−2). (3.10)

Therefore the applied electric �eld can be written as

Epump = Epump

(
cos θ

(
1√
2

(1,−1, 0)

)
+ sin θ

(
1√
6

(1, 1,−2)

))
(3.11)

Epump = Epump

(
1√
2

cos θ +
1√
6

sin θ,− 1√
2

cos θ +
1√
6

sin θ,−
√

2

3
sin θ

)
(3.12)

The dependence of the phonon amplitude on pump electric �eld due to the ISRS mech-

anism then has the form

Qpump =

(
1√
2

cos θ +
1√
6

sin θ,− 1√
2

cos θ +
1√
6

sin θ,−
√

2

3
sin θ

)
M


1√
2

cos θ + 1√
6

sin θ

− 1√
2

cos θ + 1√
6

sin θ

−
√

2
3

sin θ

 ,
(3.13)

where M is the matrix representing the Raman tensor for the particular phonon mode
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within the coordinate system de�ned by the crystallographic axes of the sample. The

probe electric �eld may be written as

Eprobe = Eprobe

(
1√
2

cosφ+
1√
6

sinφ,− 1√
2

cosφ+
1√
6

sinφ,−
√

2

3
sinφ

)
. (3.14)

The probe beam is passed into a bridge detector that consists of a polarising beam

splitter and two photo diodes refered to as A and B. The polarising beam splitter is

oriented so that the re�ected probe beam is separated into two beams of orthogonal

polarisation and equal intensity. Therefore the electric �elds of these two beams are

oriented at ±450relative to that of the probe beam and may be written as

EA = Eprobe

(
1√
2

cos(φ+
π

4
) +

1√
6

sin(φ+
π

4
),− 1√

2
cos(φ+

π

4
) +

1√
6

sin(φ+
π

4
),−

√
2

3
sin(φ+

π

4
)

)
.

(3.15)

and

EB = Eprobe

(
1√
2

cos(φ− π

4
) +

1√
6

sin(φ− π

4
),− 1√

2
cos(φ− π

4
) +

1√
6

sin(φ− π

4
),−

√
2

3
sin(φ− π

4
)

)
.

(3.16)

The sum and di�erence of the two photodiode outputs yields the transient re�ectance

(R) and anisotropic re�ectance (AR) response respectively.

The transient re�ectance (4R
R
) recorded by photodiodes A and B may be written as

(
4R
R

)A ∝ (Qpump)(ET
AMEA) and (

4R
R

)B ∝ (Qpump)(ET
BMEB). (3.17)

The detector electronics outputs signals are then

SR = (
4R
R

)A + (
4R
R

)B and SAR = (
4R
R

)A − (
4R
R

)B. (3.18)



67

3.6. Crystal class consideration

Cubic crystals, such as the zinc-blend structure and rocksalt structure have respectively

the Td and Oh point groups which have 5 irreducible representations A, 2E and T2

(T2x, T2y, T2z). The matrix representations of the Raman tensor in each case are [6][8]

A


a 0 0

0 a 0

0 0 a

 , E

b 0 0

0 b 0

0 0 b

 , T2x


0 0 0

0 0 d

0 d 0

 , T2y


0 0 d

0 0 0

d 0 0

 , T2z


0 d 0

d 0 0

0 0 0

 . (3.19)

A phonon mode from one of the above representations can be detected in the R or AR

signal when SR or SAR respectively in equation (3.14) are non-zero by applying equation

(3.15) in equation (3.14). R or AR for cubic(111) material are given below

The dependence of the phonon amplitude on pump electric �eld for an A mode can be

written as

Q(A)pump =

(
1√
2

cos θ +
1√
6

sin θ,− 1√
2

cos θ +
1√
6

sin θ,−
√

2

3
sin θ

)
a 0 0

0 a 0

0 0 a




1√
2

cos θ + 1√
6

sin θ

− 1√
2

cos θ + 1√
6

sin θ

−
√

2
3 sin θ


(3.20)

Q(A)pump = a (3.21)

The dependence of the re�ectivity signal on probe electric �eld for the A mode can be

written as

SR(A) = Q(A)pump

(
1√
2
cos(φ+ π

4
) + 1√

6
sin(φ+ π

4
),− 1√

2
cos(φ+ π

4
) + 1√

6
sin(φ+ π

4
),−

√
2
3
sin(φ+ π

4
)
)

×



a 0 0

0 a 0

0 0 a




1√
2
cos(φ+ π

4
) + 1√

6
sin(φ+ π

4
)

− 1√
2
cos(φ+ π

4
) + 1√

6
sin(φ+ π

4
)

−
√

2
3
sin(φ+ π

4
)




+ Q(A)pump

(
1√
2
cos(φ− π

4
) + 1√

6
sin(φ− π

4
),− 1√

2
cos(φ− π

4
) + 1√

6
sin(φ− π

4
),−

√
2
3
sin(φ− π

4
)
)

×



a 0 0

0 a 0

0 0 a




1√
2
cos(φ− π

4
) + 1√

6
sin(φ− π

4
)

− 1√
2
cos(φ− π

4
) + 1√

6
sin(φ− π

4
)

−
√

2
3
sin(φ− π

4
)




(3.22)

The re�ectivity signal SR for A mode can be written as
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SR(A) = a2 (3.23)

The dependence of the anisotropic re�ectivity signal on probe electric �eld for the A

mode can be written as

SAR(A) = Q(A)pump

(
1√
2
cos(φ+ π

4
) + 1√

6
sin(φ+ π

4
),− 1√

2
cos(φ+ π

4
) + 1√

6
sin(φ+ π

4
),−

√
2
3
sin(φ+ π

4
)
)

×



a 0 0

0 a 0

0 0 a




1√
2
cos(φ+ π

4
) + 1√

6
sin(φ+ π

4
)

− 1√
2
cos(φ+ π

4
) + 1√

6
sin(φ+ π

4
)

−
√

2
3
sin(φ+ π

4
)




− Q(A)pump

(
1√
2
cos(φ− π

4
) + 1√

6
sin(φ− π

4
),− 1√

2
cos(φ− π

4
) + 1√

6
sin(φ− π

4
),−

√
2
3
sin(φ− π

4
)
)

×



a 0 0

0 a 0

0 0 a




1√
2
cos(φ− π

4
) + 1√

6
sin(φ− π

4
)

− 1√
2
cos(φ− π

4
) + 1√

6
sin(φ− π

4
)

−
√

2
3
sin(φ− π

4
)




(3.24)

SAR(A) = 0 (3.25)

The calculations for the E mode are same as the calculations for the A mode because

both have the same Raman tensor.

The dependence of the phonon amplitude on pump electric �eld for the T2x mode can

be written as

Q(T2x)pump =

(
1√
2

cos θ +
1√
6

sin θ,− 1√
2

cos θ +
1√
6

sin θ,−
√

2

3
sin θ

)
0 0 0

0 0 d

0 d 0




1√
2

cos θ + 1√
6

sin θ

− 1√
2

cos θ + 1√
6

sin θ

−
√

2
3 sin θ


(3.26)

Q(T2x)pump =
1√
3
d sin(2θ)− 2

3
d sin2(θ) (3.27)

The dependence of the re�ectivity signal on probe electric �eld for the T2x mode can be

written as
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SR(T2x) = Q(T2x)pump

(
1√
2
cos(φ+ π

4
) + 1√

6
sin(φ+ π

4
),− 1√

2
cos(φ+ π

4
) + 1√

6
sin(φ+ π

4
),−

√
2
3
sin(φ+ π

4
)
)

×




0 0 0

0 0 d

0 d 0




1√
2
cos(φ+ π

4
) + 1√

6
sin(φ+ π

4
)

− 1√
2
cos(φ+ π

4
) + 1√

6
sin(φ+ π

4
)

−
√

2
3
sin(φ+ π

4
)




+ Q(T2x)pump

(
1√
2
cos(φ− π

4
) + 1√

6
sin(φ− π

4
),− 1√

2
cos(φ− π

4
) + 1√

6
sin(φ− π

4
),−

√
2
3
sin(φ− π

4
)
)

×




0 0 0

0 0 d

0 d 0




1√
2
cos(φ− π

4
) + 1√

6
sin(φ− π

4
)

− 1√
2
cos(φ− π

4
) + 1√

6
sin(φ− π

4
)

−
√

2
3
sin(φ− π

4
)




(3.28)

SR(T2x) =

(
1√
3
d sin(2θ)− 2

3
d sin2(θ)

)(
−2

3
d

)
(3.29)

The dependence of the anisotropic re�ectivity signal on probe electric �eld for the T2x

mode can be written as

SAR(T2x) = Q(T2x)pump

(
1√
2
cos(φ+ π

4
) + 1√

6
sin(φ+ π

4
),− 1√

2
cos(φ+ π

4
) + 1√

6
sin(φ+ π

4
),−

√
2
3
sin(φ+ π

4
)
)

×




0 0 0

0 0 d

0 d 0




1√
2
cos(φ+ π

4
) + 1√

6
sin(φ+ π

4
)

− 1√
2
cos(φ+ π

4
) + 1√

6
sin(φ+ π

4
)

−
√

2
3
sin(φ+ π

4
)




− Q(T2x)pump

(
1√
2
cos(φ− π

4
) + 1√

6
sin(φ− π

4
),− 1√

2
cos(φ− π

4
) + 1√

6
sin(φ− π

4
),−

√
2
3
sin(φ− π

4
)
)

×




0 0 0

0 0 d

0 d 0




1√
2
cos(φ− π

4
) + 1√

6
sin(φ− π

4
)

− 1√
2
cos(φ− π

4
) + 1√

6
sin(φ− π

4
)

−
√

2
3
sin(φ− π

4
)




(3.30)

SAR(T2x) =

(
1√
3
d sin(2θ)− 2

3
d sin2(θ)

)(
2√
3
d cos(2φ)− 2

3
d sin(2φ)

)
(3.31)

The dependence of the phonon amplitude on pump electric �eld for the T2y mode can

be written as

Q(T2y)pump =

(
1√
2

cos θ +
1√
6

sin θ,− 1√
2

cos θ +
1√
6

sin θ,−
√

2

3
sin θ

)
0 0 d

0 0 0

d 0 0




1√
2

cos θ + 1√
6

sin θ

− 1√
2

cos θ + 1√
6

sin θ

−
√

2
3 sin θ


(3.32)
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Q(T2y)pump = − 1√
3
d sin(2θ)− 2

3
d sin2(θ) (3.33)

The dependence of the re�ectivity signalon probe electric �eld for the T2y mode can be

written as

SR(T2y) = Q(T2y)pump

(
1√
2
cos(φ+ π

4
) + 1√

6
sin(φ+ π

4
),− 1√

2
cos(φ+ π

4
) + 1√

6
sin(φ+ π

4
),−

√
2
3
sin(φ+ π

4
)
)

×




0 0 d

0 0 0

d 0 0




1√
2
cos(φ+ π

4
) + 1√

6
sin(φ+ π

4
)

− 1√
2
cos(φ+ π

4
) + 1√

6
sin(φ+ π

4
)

−
√

2
3
sin(φ+ π

4
)




+ Q(T2y)pump

(
1√
2
cos(φ− π

4
) + 1√

6
sin(φ− π

4
),− 1√

2
cos(φ− π

4
) + 1√

6
sin(φ− π

4
),−

√
2
3
sin(φ− π

4
)
)

×




0 0 d

0 0 0

d 0 0




1√
2
cos(φ− π

4
) + 1√

6
sin(φ− π

4
)

− 1√
2
cos(φ− π

4
) + 1√

6
sin(φ− π

4
)

−
√

2
3
sin(φ− π

4
)




(3.34)

SR(T2y) =

(
− 1√

3
d sin(2θ)− 2

3
d sin2(θ)

)(
−2

3
d

)
(3.35)

The dependence of the anisotropic re�ectivity signalon probe electric �eld for the T2y

mode can be written as

SAR(T2y) = Q(T2y)pump

(
1√
2
cos(φ+ π

4
) + 1√

6
sin(φ+ π

4
),− 1√

2
cos(φ+ π

4
) + 1√

6
sin(φ+ π

4
),−

√
2
3
sin(φ+ π

4
)
)

×




0 0 d

0 0 0

d 0 0




1√
2
cos(φ+ π

4
) + 1√

6
sin(φ+ π

4
)

− 1√
2
cos(φ+ π

4
) + 1√

6
sin(φ+ π

4
)

−
√

2
3
sin(φ+ π

4
)




− Q(T2y)pump

(
1√
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cos(φ− π

4
) + 1√

6
sin(φ− π

4
),− 1√

2
cos(φ− π

4
) + 1√

6
sin(φ− π

4
),−

√
2
3
sin(φ− π
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)
)

×




0 0 d
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1√
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6
sin(φ− π

4
)

− 1√
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cos(φ− π
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) + 1√

6
sin(φ− π
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−
√
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sin(φ− π
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)




(3.36)

SAR(T2y) =

(
− 1√

3
d sin(2θ)− 2

3
d sin2(θ)

)(
− 1√

3
d cos(2φ)− 1

3
d sin(2φ)

)
(3.37)

The dependence of the phonon amplitude on pump electric �eld for the T2z mode can

be written as
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Q(T2z)pump =

(
1√
2

cos θ +
1√
6

sin θ,− 1√
2

cos θ +
1√
6

sin θ,−
√

2

3
sin θ

)
0 d 0

d 0 0

0 0 0




1√
2

cos θ + 1√
6

sin θ

− 1√
2

cos θ + 1√
6

sin θ

−
√

2
3 sin θ


(3.38)

Q(T2z)pump = −d cos2(θ) +
1

3
d sin2(θ) (3.39)

The dependence of the re�ectivity signal on probe electric �eld for the T2z mode can be

written as

SR(T2z) = Q(T2z)pump

(
1√
2
cos(φ+ π

4
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+ Q(T2z)pump

(
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(3.40)

SR(T2z) =

(
−d cos2(θ) +

1

3
d sin2(θ)

)(
2

3
d

)
(3.41)

The dependence of the anisotropic re�ectivity signal on probe electric �eld for the T2z

mode can be written as

SAR(T2z) = Q(T2z)pump

(
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(3.42)



72

SAR(T2z) =

(
−d cos2(θ) +

1

3
d sin2(θ)

)(
4

3
d sin(2φ)

)
(3.43)

Table 1 summaries which kind of phonon can be generated and detected in the transient

R and AR signals for cubic(111) and cubic(001) materials by displaying the form of the

dependence upon the pump and probe polarisations. The A and E modes can only be

detected in the R signal, while T2x, T2y and T2z can be detected in both the R and

the AR signals for the cubic (111), while T2z can only be detected in the AR signal

for cubic (001) material. While the optical phonons in the zincblende (GaSb and InAs

substrate materials) are Raman active, the optical phonons in the ideal rocksalt structure

are Raman inactive.

Table 3.1.: Observability of phonon modes (A, E, and T2) for the (001) and (111)
surfaces of crystals with Oh point group symmetry. In COPs measurements
the angles θ and φ are de�ned relative to the [100] and [111]axes for the
(001) and (111) surfaces.

Mode
Transient Re�ectivity (SR) Transient anisotropic re�ectivity (SAR)

cubic(001) cubic(111) cubic(001) cubic111)

A a2 a2 0 0

E a2 a2 0 0

E a2 a2 0 0

T2x 0

(
1√
3
d sin(2θ)− 2

3
d sin2(θ)

)(
− 2

3
d
) 0

(
1√
3
d sin(2θ)− 2

3
d sin2(θ)

)(
2√
3
d cos(2φ)− 2

3
d sin(2φ)

)
T2y 0

(
− 1√

3
d sin(2θ)− 2

3
d sin2(θ)

)(
− 2

3
d
) 0

(
− 1√

3
d sin(2θ)− 2

3
d sin2(θ)

)(
− 2√

3
d cos(2φ)− 2

3
d sin(2φ)

)
T2z 0

(
−d cos2(θ) + 1

3
d sin2(θ)

) (
− 2

3
d
)

d2 sin(2θ) cos(2φ)

(
−d cos2(θ) + 1

3
d sin2(θ)

)(
4
3
d sin(2φ)

)

3.7. Summary

A theory of transient stimulated Raman scattering TSRS has been used to determine

the expected dependence of the coherent optical phonons (COP) signal upon the pump

and probe polarisation. The theory shows �rstly that the pump beam can excite COPs

by either impulsive stimulated Raman scattering ISRS or by creation of a surface space

charge SSC �eld. Secondly, if the phonon is generated by the ISRS mechanism then for

the (111) plane of a cubic system A and E phonon modes can be detected only in the R
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signal without any dependence on pump and probe polarisations. However T2 phonons

can be detected in both R and AR signals.





4. Phase change materials

4.1. Background

Phase change materials (PCM) are used in phase change random access memory (PCRM).

This material changes between amorphous and crystalline phases rapidly when excited

by laser light or electric current. The amorphous and crystalline phases of the same

material exhibit di�erent optical and electrical properties, in particular their re�ectivity

and resistivity. Heating the amorphous phase for a long enough time above the material

crystallization temperature switches it to the crystalline phase; this process is called the

SET operation. Melting and quenching quickly enough, the material switches to the

amorphous phase; this process is called the RESET operation [58].

The di�erence in the optical and electrical properties enables these materials to store in-

formation, and this concept was recognized by Ovshinsky [59] and published in the 1960s

[60]. Ovshinsky established that chalcogenide alloys of Te48As30Si21Ge10 system can be

switched repeatedly between a high and a low conductivity state [60]. Early attempts

to develop this concept were obstructed by the fact that the �rst alloys studied needed

long crystallization times, in the microsecond range, which required a large switching

current.

The �rst use of a laser-induced phase change in Te81Ge15Sb2S2 alloys was by Feinleib

et al [61]. The di�erence in optical re�ectivity between the amorphous and crystalline

phases was used to store the information. The Te81Ge15Sb2S2 alloys showed a long

crystallization time of microseconds, too slow for a viable technology [62]. In 1987

phase change research and information storage technology developed when Yamada et

al[63] discovered fast-switching materials. These materials are in the pseudobinary line

75
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Figure 4.1.: Typical compositions of phase change materials [65]

between GeTe and Sb2Te3 . Figure 4.1 shows these materials and the alloys that have

been used in optical storage products. The solid line shows the GeTe− Sb2Te3 tie line,

on which many phase change alloys that have short crystallization time are located. The

breakthrough discovery of these materials enabled the rewritable phase change optical

storage technology to become successful today. A number of companies have projects

to investigate phase change random access memory (PCRAM) with a view to developing

a commercial product [64].

4.2. Properties of phase change materials

Phase change materials possess properties that make them useful for technological ap-

plications such as optical storage and PCRAM. The PCMs should have both crystalline

and amorphous phases that are stable for many years at the operating temperature. The

material needs to be able to switch repeatedly for many cycles: 105 times typically for

optical storage, 106−108 times to replace �ash memory, 1012 times for embedded mem-

ory, and up to 1015 − 1017 times to replace standalone or embedded DRAM (dynamic

RAM). Therefore the material must not change its chemical composition and must not

react with its surroundings and contact materials. The crystallization time, which af-

fects the data rate, should be short. The quenching process needs to be faster than the
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crystallization process, therefore the melt-quenching operation must to be fast. Large

optical and electrical contrasts are required in the PCMs [64].

4.3. Principles of the phase transition in phase

change materials

The principle of the phase change process is illustrated in �gure 4.2. The switching be-

tween the crystalline and amorphous phase is achieved by applying a precisely controlled

amount of heat. Depending on the technological application, if it is optical or electronic

data storage, either laser pulses or electrical pulses are used as the heat source. To switch

from crystalline to amorphous phase, a short high intensity pulse (high current) is used

to increase the temperature of the chosen region above the melting temperature TI . As

the high temperature is only developed within a limited region, a large temperature dif-

ference is achieved between the liquid and the rest of the material, resulting in increased

cooling levels of approximately 1010K/s. If the temperature falls fast enough below

the glass transition temperature Tg a melt-quenched amorphous bit will be formed. To

switch back to the crystalline phase, a high temperature must be developed within the

chosen region for an adequate amount of time with the atomic mobilities at a level for

the crystallization to be achieved. Therefore the material has to be heated above the

glass transition temperature [66, 67].

4.4. Ge2Sb2Te5(GST) structure

The most commonly used and most studied PCM is Ge2Sb2Te5 (GST). This material

possesses three phases, the amorphous phase which crystallizes upon heating to 140◦C

to a metastable rock salt structure, and then at 310◦C to a stable crystalline hexagonal

structure.

X-ray di�raction (XRD) studies of thin GST layers have shown that the GST crystalizes

into a metastable rock salt-like structure with Te atoms occupying the anion sites of

the structure. The Ge, Sb and some vacancies occupy the cation sites [68, 69, 70,
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Figure 4.2.: The principle of the phase transition in phase change material. The varia-
tion of temperature with time is shown for the SET and RESET processes
where TI is the melting temperature and Tg is the glass or crystallization
temperature [66].

63, 71]. This metastable phase has an octahedral-like coordination with short and long

Te-Ge bonds [68, 66]. No Sb−Ge bonds are observed and a next-nearest-neighbour

Te− Te peak is detected [69]. Another study by Wuttig and Steimer revealed that one

characteristic feature of this rock salt structure is the presence of three short and three

long Ge− Te bonds, where every Ge atom has 6 nearest neighbours [67].

Another X-ray di�raction study of laser-crystalized thin �lms of Ge2Sb2+xTe5 (0≤x≤1)

composition showed that the material consists of two phases: one is a rock salt-like

structure and the other includes a small amount of an amorphous Sb phase where the

4(a) site is occupied by only Te atoms and the 4(b) site is occupied by Ge and Sb atoms

and vacancies. That is, Sb atoms never occupy the vacancy sites. However Sb atoms

can segregate into an amorphous phase at the grain boundaries [72].

The local atomic arrangement of the amorphous state is approximately similar to the

crystalline state but with a lack of long-range order [73]. On melting, the longer Te−Ge

(and Te− Sb) bonds are broken, leaving shorter and stronger bonds, which means that

the amorphous phase is locally more organized than the crystalline. Also the Te second-

nearest-neighbour peak becomes weaker [68].

Extended X-ray absorption �ne structure (EXAFS) measurements of the amorphous state

reveal that the tetrahedral atomic arrangement of the Ge atoms in amorphouse state has

an octahedral-like atomic arrangement in the crystalline state [68, 69, 66, 73]. Kolobov

et al have described the transition between the amorphous and the crystalline states
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as an umbrella �ip. The homopolar Te− Te and Sb− Sb bonds were not observed,

while Ge− Sb and Ge−Ge bonds were revealed. These latter bonds are called �wrong

bonds� because they are not present in the idealised rock-salt structure. The coordination

number of the amorphous state approximately satis�es the 8-N rule. The amorphous

state consists of defective octahedral sites, where Ge atoms exist in both tetrahedral

and octahedral arrangement. The tetrahedral arrangement contains one third of the Ge

atoms in Ge2Sb2Te5 [66, 74, 75].

Wuttig and Yamada have reported that the amorphous structure has a spinel structure

where the Ge atoms have tetrahedral coordination with four nearest Te neighbours,

while the Te and Sb atoms positions are similar to those in the rock salt structure [73].

Huang and Robertson revealed that there is no medium range order (MRO) at the next-

nearest-neighbor in the amorphous phase of phase change materials. Therefore, the

transition from crystalline to amorphous has a change in MRO and it is not simply a

change of coordination of individual atoms, for instance through an umbrella �ip of Ge

atoms [66, 76].

4.5. Phonon spectra of Ge2Sb2Te5

Theoretical and experimental studies of Ge2Sb2Te5 have investigated its long wavelength

phonon modes. In the crystalline state, dominant degenerate Eg modes at 3.6±0.1THz

have been observed. This mode is associated with vibrations of atoms in planes normal

to the c axis in Sb2Te3 [77, 4, 78]. In contrast, this frequency corresponds to an A1

mode in GeTe4 [79] or in octahedral GeTe6 [80]. Two A1g modes appear at 2THz and

at 4.9± 0.1 THz. These two modes are attributed to symmetrical vibrations of Sb and

Te outer layers, where the mode at 2 THz is due to an in phase oscillation [77] while

the mode at 4.9± 0.1 THz is due to an out of phase oscillation [77, 4].

For the amorphous phase, a dominant symmetrical A1 mode at 3.7 ± 0.2 THz was

observed and associated with GeTe4 tetrahedra [77, 4, 80]. Also a symmetric A1 mode

appears at 4.7±0.1 THz and has been attributed to either disordered Te-Te chains [80] or

the Sb2Te3 sub-units [77]. Theoretical studies depends on the calculated Raman spectra
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of GST material from ab initio phonon and empirical polarizability coe�cients within

the bond polarizability model (BPM) investigated by experimental Raman spectrum,

two modes in crystalline GST one at 110cm−1 (3.29 THz) and a weaker mode at 160

cm−1 (4.79 THz). However, the same study revealed that in amorphous GST two modes

at 129 cm−1 (3.86 THz) and 152 cm−1 (4.55 THz) and a much weaker mode at 100

cm−1 (2.99 THz). A calculation of the Raman spectrum of amorphous GST revealed

one mode at 143 cm−1 (4.2 THz) and a shoulder at 160 cm−1 (4.79 THz), which were

attributed to vibrations of defective octahedra [81].

4.6. Optical and electrical properties of GST

The phase change materials (PCMs) possess special optical and electrical properties that

have led to their successful technological application. For optical data storage, knowl-

edge of the e�ciency of excitation and optical contrast at di�erent laser wavelengths

is necessary. Therefore the optical constants, the index of refraction n, the extinction

coe�cient k, and the absorption coe�cient α are important. The optical constants de-

pend on the �lm thickness as well as the wavelength λ [82, 83, 84, 85]. Figure 4.3 shows

the optical constants of the amorphous, rocksalt and hexagonal phases of Ge2Sb2Te5.

. The �gure shows similar behaviour for the rock-salt and hexagonal phases [86], but

a large di�erence between the amorphous and rock-salt phases. The complex index of

refraction can be de�ned by the following equation

ñ = n+ ik

Here, the real part of the refractive index n indicates the phase velocity, while the

imaginary part k indicates the amount of absorption loss when the electromagnetic wave

propagates through the material. For the phase change material the crystalline state has

high re�ectivity, while the amorphous state has low re�ectivity. These di�erences are

due to the di�erences in the structure between the two phases. In fact, the crystalline

structure includes shorter and longer bonds. The longer bonds, which are weaker, lead

to a smaller energy splitting between the bonding and antibonding states and smaller
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Figure 4.3.: Optical constants (a) n, (b) k, and (c) α of the amorphous, rocksalt and
hexagonal phases of Ge2Sb2Te5. CDs, DVDs and BD marks the laser wave-
length used for rewritable CD, DVD and blue ray discs respectively[64].

band edges and the width of the band gap, which is smaller in this state, resulting in

higher absorption and re�ectivity. On the other hand, in the amorphous state, the weaker

bonds break and disappear while the stronger bonds become shorter and stronger. As a

consequence, the splitting between bonding and antibonding states increases, producing

a larger band gap implying lower absorption and re�ectivity [87]. For Ge2Sb2Te5 the

optical band gap of the amorphous phase is ∼ 0.7eV and ∼ 0.5eV for the rocksalt and

hexagonal phases [84].

For electrical storage, the resistivity is an important electrical parameter. For the amor-

phous PCMs, for voltages that equate to a small applied electric �eld, the electric current

shows a linear dependence on voltage, while for larger voltages an exponential increase

is observed as shown in �gure 4.4.

At the threshold voltage the resistivity drops suddenly by an order of magnitude, and

this is known as threshold switching. This e�ect is useful because otherwise it would be

impossible to deliver su�cient power, and hence to heat the sample su�ciently, in the

amorphous phase using a reasonable voltage. Increasing the voltage above the threshold

voltage leads to a su�cient decrease in the resistance that the material can be heated

above its crystallization (glass) temperature Tg. After the threshold switching, if the

voltage is switched o� for a short time, the resistivity will increase and the material will
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Figure 4.4.: Current-voltage curve of phase change material [73]

return to the amorphous phase. Only if the material is heated above Tg for a su�ciently

long time will it crystalize into the more conducting crystalline phase [66, 88, 64].

Ge2Sb2Te5 has high crystallization speed as a result of the weak bonding which leads

to a low viscous force among atoms and increased atomic mobility. On the other hand,

crystallization from the amorphous to the crystalline structure occurs without phase

separation into di�erent compositions. Atoms travel only a short distance to transform

the amorphous phase to the crystalline phase. This yields the fast crystallization from

the amorphous to the crystalline phase [64, 85].

4.7. Summary

This chapter summaries that the Ge2Sb2Te5 (GST) material possesses three phases, the

amorphous phase, crystalline phase and hexagonal phase. Theoretical and experimental

studies of the structure of GST indicate that the cubic crystalline phase has a rock salt-

like structure where Ge atoms have an octahedral-like atomic environment, while the Ge

atoms in the amorphous state have a tetrahedral atomic environment. The transition

between the amorphous and the crystalline states has been described as an umbrella �ip.

Furthermore existing theoretical and experimental studies of GST attributed di�erent

phonon modes to vibrations involving di�erent bonds. A change in the structure between
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the two phases leads to a change in optical and electrical properties and leads to GST

being widely used and used for technological applications.





5. Experimental techniques

5.1. Introduction

In this chapter I will describe the tools and the experimental techniques that were

used to perform the time resolved measurements of optical properties. In particular,

a pump-probe technique has been used to perform time resolved re�ectivity and elliptic-

ity measurements of laser excited Ge2Sb2Te5 and InAs crystals with femtosecond time

resolution.

This chapter will begin with a brief review of linear and non-linear phenomena followed

by a brief explanation of the specular optical kerr e�ect (SOKE). The optical re�ection

coe�cients are explained so as to describe the rotation of the polarisation and ellipticity

that are induced by the pump pluses. The time resolved pump-probe technique used to

measure the transient re�ectivity and ellipticity signals is described. Finally the process

used to �t the experimental data is explained.

5.2. Linear and nonlinear phenomena

The terms linear and non-linear describe phenomena that are independent of or depen-

dent on the optical intensity respectively, as shown in �gure 5.1. When an electromag-

netic wave propagates through a medium the medium becomes electrically polarized. For

a small electric �eld amplitude, the polarisation P is linearly proportional to the applied

electric �eld and usually written in the form

P = ε◦χE, (5.1)

85
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Figure 5.1.: (a) Linear and (b) nonlinear response of polarisation P to an applied electric
�eld E [12]

where χ is the linear susceptibility and ε◦ is the permittivity of vacuum. The linear

susceptibility is related to the refractive index of the medium by χ = n2 − 1 and in

general is a 2nd rank tensor with symmetry that re�ects that of the crystal structure.

If the magnitude of the applied electric �eld is large, the induced polarisation may have

a non-linear dependence on the electric �eld amplitude and it is possible to represent the

modi�cation of the susceptibility in a nonlinear medium by a power series of the form

χij(E) = χ
(1)
ij + χ

(2)
ijkEk + χ

(3)
ijklEkEl + ........ (5.2)

Thus the induced polarisation can be written as

P = ε◦(χ
(1)
ij + χ

(2)
ijkEk + χ

(3)
ijklEkEl + .......)E, (5.3)

where χ
(2)
ijk is the second order nonlinear susceptibility (tensor of rank 3) and χ

(3)
ijkl is

the third order nonlinear susceptibility (tensor of rank 4). The second and third order

nonlinear susceptibilities give rise to non-linear optical phenomena. For example the χ
(2)
ijk

is responsible for second harmonic generation, where the frequency of the emitted photon

is double the frequency of the incident photon. The third order nonlinear susceptibility

is responsible for the optical Kerr e�ect and stimulated Raman scattering where the

incident light changes the refractive index of the material [89, 27, 90, 91].
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5.3. Specular optical Kerr e�ect (SOKE)

When the surface of a medium is illuminated by light, a fraction of the incident light is

re�ected and the rest transmitted. The re�ection of light can be roughly categorized into

two types: specular re�ection where the excited electrons obey momentum conservation,

and di�use re�ection where the drift velocity of the electrons is completely destroyed,

so that electrons scatter to a random momentum state which means momentum is not

conserved [92].

The all-optical pump-probe technique using femtosecond laser pulses is a powerful tool

that can be used to investigate carrier transport processes in materials. While transient

re�ectivity signals can provide the time constant for thermalisation of hot electrons,

the transient polarisation signal can explore the excitation and relaxation of transient

linear and angular momentum. The two lowest order contributions to the transient

polarisation signal result from the specular-optical Kerr e�ect (SOKE) and the specular

inverse Faraday e�ect (SIFE).

�The SOKE (SIFE) may appear when pumping a solid material with a linearly (circularly)

polarized pump beam, which transfers linear (angular) momentum to electrons in the

surface of the sample, and induces a transient linear (circular) birefringence that causes

the polarisation state of a time-delayed probe beam to be modi�ed. Thus the transient

polarisation signal explores information about the rate of relaxation of the linear and

angular momentum of the excited electrons. For metals the relevant relaxation times

are of the order of 10 fs. Therefore in measurements made with 100 fs pulses, the SIFE

and SOKE are expected to appear as a peak in the transient polarisation signal with

width determined by that of the laser pulse. However, if the electron momentum is

coupled to another sub-system within the sample that relaxes more slowly, the peak may

be followed by a tail from which the characteristic relaxation times of that sub-system

may be determined� [93, 94].

In this study the SOKE peak has been studied through measurements of the transient

ellipticity. The amplitude of transient rotation of polarisation and ellipticity due to the

SOKE can be related to certain components of the susceptibility tensor. If the rotation
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of polarisation and ellipticity of the applied pump and probe beams are (θ1, η1) and

(θ2, η2) respectively, and if the probe beam is linearly polarized, which means (η2 = 0)

, then for an isotropic or cubic crystal the change in probe polarisation upon re�ection

may be expressed as

 4θ1

4η2

 = −
32π2Ipump

c |1 + n|2

sin 2(θ1 − θ2) cos 2η1

 Re

Im

 χxxyy + χxyyx

n(1− n2)
+ sin 2η1

 −Im

Re

 χxxyy − χxyyx
n(1− n2)

 ,

(5.4)

where c is the speed of light, n is the complex refractive index of the medium and Ipump

is the intensity of the pump beam. The �rst term within this expression represents the

contribution due to the SOKE, while the second term represent that due to the SIFE

[94, 95, 96, 97]..

5.4. Jones matrix and re�ectivity calculations

When light passes through an interface between two media which have di�erent optical

properties, one part is re�ected back into the �rst medium while another part is trans-

mitted into the second medium as shown in �gure 5.2. The re�ectivity of the sample is

de�ned as the ratio of the re�ected light intensity Ir to the incident light intensity Ii.

R =
Ir
Ii
. (5.5)

The re�ection and transmission of polarized light can be described by means of Jones

matrices. When polarized light crosses an optical element, the polarisation of the emerg-

ing light is calculated by taking the product of the Jones vector of the incident light and

Jones matrix of the optical element. The relative amplitude and the relative phase of the

electric �eld are represented by a Jones vector and the optical elements are represented

by Jones matrices. The s-polarized and p-polarized electric �eld components E
(r)
s and

E
(r)
p of the re�ected light can be related to the incident electric �eld components E

(i)
s

and E
(i)
p by
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Figure 5.2.: Wave vectors of incident (ki), re�ected (kr) and transmitted (kt) beams at
an interface between two media with di�erent refractive indices [26]

 E
(r)
s

E
(r)
p

 =

 rss rsp

rps rpp


 E

(i)
s

E
(i)
p

 , (5.6)

where rss , rps , rpp , rsp are the re�ection coe�cients [98].

By implementing the Jones calculations, the re�ectivity for incident light polarized at

angle φ to the plane of incidence is

R = (|rss|2 + |rps|2) sin2 φ+ (|rpp|2 + |rsp|2) cos2 φ+
1

2
(rssr

∗
sp + rppr

∗
ps) sin2 φ. (5.7)

The rotation and the elllipticity of the re�ected light for incident p and s polarized light

are given by

For p-polarized light

φ = −Re
{
rsp
rpp

}
, ε = Im

{
rsp
rpp

}
. (5.8)

For s- polarized light

φ = Re

{
rps
rss

}
, ε = Im

{
rsp
rpp

}
. (5.9)
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For an isotropic material the o�-diagonal components rsp and rps in equation 5.5 are

equal to zero, while in an anisotropic material the o�-diagonal components are in general

non zero. As a result in an anisotropic material the incident p (or s) polarized light will

induce a s (or p) polarized electric �eld component in the re�ected light. If the incident

light is not perfectly p or s polarized, the plane of polarisation may be rotated upon

re�ection even for an isotropic medium. Therefore to measure the rotation caused by

the optical Kerr e�ect, the incident light should be exactly p or s polarized.

5.5. Rotation signal calculations

Within this thesis, the polarisation of the re�ected probe beam will be detected through

the use of an optical bridge shown in �gure 5.3. The polarizing beam splitter of the

bridge detector is oriented so that the re�ected probe beam is separated into two beams

of orthogonal polarisation and equal intensity. Therefore the electric �elds of these two

beams are oriented at ±45◦ relative to that of the probe beam. The output of each

photodiode is proportional to the intensity incident upon it, namely I◦ before the pump

beam induces any birefringence within the sample, and may be written as

I◦ ∝
E2
◦

2
, (5.10)

where E◦ is the amplitude of re�ected probe beam before the pump beam induces a

birefringence in the sample. The output of the bridge detector is proportional to the

di�erence in intensity incident upon the two photo diodes.

In this case the output di�erence signal from the bridge can be written as

S α IA − IB, (5.11)

where IA and IB are the intensities incident upon the two photodiodes. It is straightfor-

ward to show that the di�erence of the photodiode outputs (S) is proportional to the

rotation of the probe polarisation (θ) induced by the pump beam. Suppose that the
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Figure 5.3.: Schematic diagram of optical bridge detector [99]

electric �eld of the incident beam is de�ned within the (x
′
,y
′
) coordinate system and

we need to express the electric �eld in the (x,y) coordinate system ,which is rotated by

angle θ with respect to the (x
′
,y
′
) system. The appropriate matrix to represent rotation

by an angle θ about the origin is

 cos θ − sin θ

sin θ cos θ

 . (5.12)

Therefore the electric �eld in the (x,y) system is related to that in the (x
′
,y
′
) system by

 Ex

Ey

 =

 cos θ − sin θ

sin θ cos θ


 Ex′

Ey′

 , (5.13)

where Ex and Ey are the electric �eld components in the (x,y) system and Ex′ and Ey′

are the electric �eld components in (x
′
,y
′
) system.

The polarized pump beam induces a transient linear birefringence that causes the polar-

isation state of the time-delayed probe beam to be modi�ed. If the re�ected elliptically

polarised probe beam has its major axis rotated by an angle θ by the pump-induced

birefringence in the sample, then its electric �eld components in the (x
′
,y
′
) coordinate

system can be expressed as
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Ex′ = E◦ cos(ωt) (5.14)

Ey′ = E◦ sin(ε) sin(ωt), (5.15)

where ε is the ellipticity of the probe beam and we have assumed ε << 1. Let us now

set the (x,y) coordinate system to be parallel to the electric �eld components accepted

by photodiodes A and B The electric �eld components x and y can be calculated by

using equation 5.13 as

 Ex

Ey

 =

 cos(π
4

+ θ) − sin(π
4

+ θ)

sin(π
4

+ θ) cos(π
4

+ θ)


 E◦ cos(ωt)

E◦ sin(ε) sin(ωt)

 . (5.16)

Thus

Ex = E◦ cos(ωt) cos(
π

4
+ θ)− E◦ sin(ε) sin(ωt) sin(

π

4
+ θ). (5.17)

Ey = E◦ cos(ωt) sin(
π

4
+ θ) + E◦ sin(ε) sin(ωt) cos(

π

4
+ θ). (5.18)

The beam intensity at the �rst photodiode can be written as

IA ∝
Ē2
x

2
. (5.19)

IA ∝
1

2τ

ˆ τ

0

E2
◦(cos(ωt) cos(

π

4
+ θ)− sin(ε) sin(ωt) sin(

π

4
+ θ))2dτ. (5.20)

IA ∝
E2
◦

2τ

ˆ τ

0

(cos2(ωt) cos2(
π

4
+θ)−sin2(ε) sin2(ωt) sin2(

π

4
+θ))2−1

2
sin(ε) sin(2ωt) sin(

π

2
+2θ)dτ.

(5.21)

Neglecting second order terms i.e. sin2(ε) = 0
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IA ∝
E2
◦

2τ

ˆ τ

0

1

2
(1 + cos(2ωt)) cos2(

π

4
+ θ)− 1

2
sin(ε) sin(2ωt) sin(

π

2
+ 2θ)dτ. (5.22)

IA ∝
E2
◦

4
cos2(

π

4
+ θ). (5.23)

Since θ � 1

IA ∝
E2
◦

4
(
cos θ√

2
− sin θ√

2
)2. (5.24)

IA ∝
E2
◦

4
(
1

2
− 1

2
sin(2θ)). (5.25)

In the same way, the beam intensity at the second photodiode

IB ∝
E2
◦

4
sin2(

π

4
+ θ). (5.26)

IB ∝
E2
◦

4
(
1

2
+

1

2
sin(2θ)). (5.27)

The di�erence of the intensity signals generated at photodiodes A and B is

IA − IB ∝
E2
◦

4
(
1

2
− 1

2
sin(2θ))− E2

◦
4

(
1

2
+

1

2
sin(2θ)). (5.28)

IA − IB ∝
E2
◦

4
sin(2θ). (5.29)

since θ is small

IA − IB α I◦θ. (5.30)

Equation 5.30 shows that the di�erence of the two photodiode signals is proportional to
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both the optical rotation and the intensity, and independent of the ellipticity .

5.6. Time resolved pump probe technique

The availability of ultrafast laser sources allows us to excite a large number of phonons

coherently, i.e the phonons are associated with one mode and have a constant phase

relation. In a pump-probe measurement each pulse from the laser source is divided into

two di�erent intense ultrashort pulses called the pump pulse and the probe pulse. The

pump pulse excites the sample and the probe pulse monitors the change in the sample.

The intensity of the probe beam must be far lower than the intensity of the pump beam

to avoid excitation of the sample by the probe pulse.

Figure 5.4.: Typical time resolved optical pump probe experimental arrangement

The experimental arrangement used in this study is shown in �gure 5.4. The ampli�ed

ultrafast Ti:sapphire laser system consists of a Verdi V-18 pump, Mira seed oscillator

and RegA-9050 ampli�er, all manufactured by Coherent Inc. The coherent Verdi V 18

has continuous wave (CW) output of 532 nm wavelength and 18 W power. The 18 W

beam is split with 6 W going to pump the Mira seed Ti:sapphire laser and 12 W going to

the regA ampli�er. The Mira seed produces ultrashort pulses of 800 nm wavelength and

45 fs duration at a repetition rate of 80 MHz. The Mira mode-locked power is around

500 mW corresponding to a pulse energy of 6 nJ . The pulses inside the Mira have high
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peak power which can damage the RegA ampli�er cavity. Therefore to avoid damage

a stretcher/compressor system is used to chirp and temporally stretch the pulses that

come from the Mira. The pulse duration of the stretcher pulse is more than 100 ps which

can safely enter the RegA ampli�er. The RegA ampli�es the pulses energy from nJ to

µJ . The repetition rate and the average power of the RegA ampli�er are 250 KHz and

750 mW respectively. The stretched ampli�ed pulses from the RegA ampli�er are sent

to the compressor in the stretcher/compressor to correct the chirp and recompress the

pulses to produce ultrashort pulses. The resultant pulses have average power of more

than 600 mW and pulse duration less than 60 fs.

The output beam was separated by a beamsplitter into two beams with wavelength

of 800 nm. The pump and probe beams are focused to overlap at the sample. The

arrival time of the pump beam is delayed by a retrore�ector mirror �xed in translation

stage in the pump beam path. The probe beam was s-polarized while the pump beam

is linearly polarized at an angle that can be varied continuously by using a polarizer.

The polarizers in the pump and probe beams paths were �xed close to the sample to

avoid the polarizing e�ects of other optical components. To insure an area with uniform

temperature is sampled the probe spot was centered with a pump beam of three times

greater diameter. The CCD beam pro�ler is used to measure, overlap and focused the

spots of both beams. A CCD camera was used to monitor the overlap of the pump

and probe spots at the sample surface after removing the beam pro�ler. An optical

chopper is used in the pump beam path to modulate its intensity at a frequency of

690 Hz. To measure the changes in ellipticity signal a quarter wave plate is located

after the sample with its fast axis parallel to one of the major axes of the polarisation

ellipse. The re�ected probe beam was passed to an optical bridge detector which has a

beamsplitter and two photodiodes. The beamsplitter separated the re�ected probe beam

into orthogonal linearly polarized p and s components. Inside the bridge detector the

intensity of these beams was recorded by two photodiodes and an electronic circuit was

used to determine the sum and di�erence signals. The alignment of the bridge detector

is adjusted so that the re�ected probe beam from the sample is normally incident on

the front face of the beamsplitter. The intensity is equally divided between the two
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photodiodes ( or s and p polarisation modes) by rotating around the axis de�ned by

the laser beam so as to null the di�erence between the intensity of these beams. To

achieve this, the bridge detector is tilted at 45◦to the plane of incidence. The sum

and di�erence of the beams intensities give the re�ectance and the ellipticity ( with the

λ/4 plate inserted ) signals respectively. Two lock in ampli�ers are used to extract the

re�ectance and ellipticity signals.

The pump beam could induce a change in the diagonal re�ection coe�cients (rss and

rpp) leading to what is known as �re�ectivity breakthrough� in the rotation and ellipticity

signals when the probe polarisation is not precisely s or p polarized. To avoid the

appearance of the re�ectivity breakthrough in the ellipticity signal, the alignment of the

bridge detector and the probe beam must be precise. Therefore the probe polarisation

must be changed gradually and after each change the bridge detector should be realigned

so that the di�erence of the photodiode intensities is equal to zero.

5.7. Optical bridge detector

The optical bridge detector is used to measure the transient rotation ellipticity and re-

�ectivity signals. It is comprised of a polarizing cube beamsplitter of the Glan-Thompson

type and two photo-diodes. The beamsplitter is made from birefringent calcite material

and divides the re�ected probe beam into two orthogonal linearly polarized (s and p

polarisation) beams separated by an angle of 45 degrees as in �gure 5.3 . The angular

separation of these two beams is independent of the wavelength of the incident beam.

The silicon photo-diode detectors (A and B) receive these two beams and measure their

intensity. The photo-diodes connect to an electronic circuit that gives (A + B) and

(A-B) outputs. The intensities of both beams recorded by the photo-diodes, A and B,

should be approximately equal i.e. (A-B) output is zero. The (A+B) channel measures

the total intensity of the re�ected probe beam, and so is sensitive to any change in the

re�ectivity of the sample. The (A-B) channel is sensitive to any change in the polarisa-

tion of the re�ected probe beam and therefore measures the transient rotation signal of

the incoming beam.
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5.8. Lock in ampli�er

Each output channel of the optical bridge detector is connected to a lock in ampli�er

in order to �lter out background noise, which interferes with the transient rotation and

re�ectivity signals. Two lock-in ampli�ers of model 7265DSP from Signal Recovery

(AMETEK) were used to record these two signals. This model of lock in ampli�er uses

a phase sensitive detection technique to extract the amplitude and phase of the signal

at a speci�c reference frequency.

The operation of the lock-in ampli�er is very simple and involves one sinusoidal input

signal and one square reference signal:

Suppose the input signal has the form

V (t) = V◦ sin(ωt+ φ)

while the reference signal has the form

VR(t) = sin(Ωt)

The product of these two signals is

V (t)VR(t) =
V◦
2
{cos [(ω −Ω)t+ φ]− cos [(ω +Ω)t+ φ]}

If ω 6= Ω the product oscillates in time with an average value of zero. However if ω = Ω

the product contains a DC component.

Figure 5.5 shows a block diagram of a lock in ampli�er. The input signal passes through

a capacitor and then into the input ampli�er, while the reference signal passes through

a phase shifter. The two resulting signals are multiplied by passing through a mixer.

The output is then passed through a low pass �lter which removes the 2Ωt component,

leaving the DC component as the output of the lock-in ampli�er. Within this thesis a

mechanical chopper (MC1000 chopper) from Thorlabs was used to modulate the pump

beam and provide a reference signal, both at a frequency of 690 Hz.
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Figure 5.5.: Lock in ampli�er diagram [12]

5.9. Delay line stage

An optical delay line translation stage IMS-CCHA from Newport Corp was used in the

experiment to delay the pump pulse with respect to the probe pulse. The resolution of

this translation stage is 0.1 µm which gave a temporal resolution of 6.67 fs. The stage

has maximum travel distance of 600 mm. A hollow corner cube retrore�ector was used

with this stage to provide a maximum delay length of 1200mm, equivalent to 4ns of

time delay.

5.10. Beam pro�ler

In time resolved measurements, the �uence of the probe beam should be smaller than

the �uence of the pump beam and the probe spot size should be smaller than the pump

spot size.

In order to have small spot size, the focal length (f) of the focusing lens or/and the

divergence of the beam (θ) should be small so that the spot diameter

d = fθ. (5.31)
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is also small. In this experiment the pump and probe beams pass through telescopes to

reduce their divergence. The pump beam passes through a �nal lens with focal length

of 25cm while the probe beam passes through a lens of focal length 6.3 cm before being

focused on the sample. This gives only an estimate of the spot size, so it is necessary

to accurately determine the spot sizes and to monitor their overlap.

The CCD beam pro�ler is used to measure the pump and probe spots sizes and achieve

the ideal overlap. The CCD beam pro�ler used in this experiment is a DataRay WinCAM

UCD12, with a 6.3 Ö4.8 mm2 CCD with pixel size of 4.6 µm. The beam pro�ler is �xed

at the overlap position of the pump and probe beams. The beam pro�ler software can

be used to show the overlap of the beams. Moving the probe lens forward or away from

the beam pro�ler can minimize the spot size of the probe beam. The pump lens, with

a larger focal length than the probe lens, can be used to overlap the beams by moving

it up or down and from side to side.

5.11. Fitting of the time resolved ellipticity signal

The time resolved signal contains a variety of features resulting from di�erent physical

phenomena, which have di�erent characteristic time scales. For example, the character-

istic time of interaction between light and electrons is di�erent to that for the interaction

between the light and the lattice. A typical time resolved ellipticity signals obtained from

InAs sample and two Ge2Sb2Te5 samples can be divided into three regions with respect

to the delay time td between pump and probe. The �rst region is when td < 0 and the

probe pulse reaches the sample before the pump pulse. In this region the re�ected probe

beam does not record any change in the sample response. The second region appears

around td = 0 when pump and probe beams have similar optical path length and overlap

in time at the sample. Within this region a large peak is seen in the transient polarisation

signal due to the specular optical Kerr e�ect within the sample. The last region occurs

for td > 0 when the pump beam arrives at the sample before the probe beam. In this

region the re�ected probe beam carries information about the changes that occur in the

sample due to excitation by the pump beam, which causes a �nite change in the probe
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polarisation. Typically in this region an oscillatory component associated with a coherent

optical phonon is superimposed upon an exponential background.

As a consequence, the ellipticity signal can generally be �tted by an equation containing a

Gaussian function, an exponentially damped oscillatory function and a simple exponential

decay term. Assuming that both the pump and probe beam have Gaussian shape, the

intensity of the pump beam can be written as [100]

I(t) ∝
1√
2πw

exp

(
−t2d
2w2

)

The ellipticity signal as a function of time delay is calculated as a double convolution

of the Gaussian pump and probe beams with the system response. Calculating the

convolution integral we obtain for the ellipticity signal:

S ∝ A exp
(
− (t−t◦)2

4w2

)
+ B

2
exp

(
w2

t21
− t−t◦

t1

) [
1− erf

(
w
t1
− t−t◦

2w

)]
+
∑

Ci
2

exp
(
− t−t◦

t2i

) [
1 + erf

(
t−t◦
2w

)]
. cos [2πfi(t− t◦) + 2πβi(t− t◦)2 + φi]

(5.32)

where A is the Gaussian peak amplitude, t◦ is zero delay position, t is the time, w is

the width of the optical pulse, B is the amplitude of the simple exponential decay, t1 is

the relaxation time for the simple exponential decay, erf is the Gaussian error function,

Ci is amplitude of the damped oscillatory response, fi is frequency of oscillation, t2i

is damping time of the oscillation, βi is a chirp parameter, and φi is the initial phase

of the cosine oscillation. The �rst term in equation 5.32 represents the instantaneous

incoherent sample response and is used to �t the SOKE peak within the ellipticity signal.

The second term represents a relaxation process with relaxation time t1 and is used to

�t the exponential background within the signal. The last term represents the damped

oscillatory response of a phonon mode to the Gaussian impulse with relaxation time t2.

The chirp parameter is included in the cosine function to describe any changes in the

phonon frequency with time due to changes in the temperature. An o�set signal that

sometimes occurs at negative time delay has been taken into account. A constant has

been included in the �tting function to describe the an o�set that may arise from other
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background signals such as di�use pump scatter, or because the repetition rate is high

and the system could not fully relax before the next pulse arrives.

The time resolved ellipticity signal contains the SOKE peak and weak oscillations, there-

fore it was di�cult to �t all components of the signal at the same time. For this reason

just the exponential decay and oscillatory components were �tted by using just the sec-

ond and the third terms of equations 5.32. In the third term two oscillatory components

(i = 1, 2) were required to �t the data.

The process of �tting the ellipticity signal that has chirp in the oscillations was done in

two steps so as to be able to describe the change in the phonon frequency with time.

Firstly, the raw time resolved data was �tted by using the second and the third terms

of equation 5.32. Then the oscillatory signal components were isolated by subtracting

the �tted exponential relaxation background. The chirp parameter β and the zero delay

t◦ were �xed at 0 and the pulse width was �xed at 10−4ns . In the third term two

oscillatory components were used to �t two oscillations, one in the THz regime and the

other in GHz regime. Then the frequency of the oscillatory residual was extracted from

a fast Fourier transformation (FFT). A Lorentzian curve was used to �t the peak in the

FFT. Secondly, the oscillatory residual was �tted by using the second and third terms

in 5.32. In the third term one oscillatory component was used to �t the THz frequency

oscillation. The initial frequency values were set equal to those obtained from the FFT

and the chirp parameter was allowed to vary so as to determine any change in the phonon

frequency with time.

The Lorentz equation used to �t the peak in the FFTs peak had the form

y = y◦ +

(
2A

π

)[
w

4(x− xc)2 + w2

]

where y◦ is the y value o�set, A is the area under the curve, w is the full width of the

peak at half height, and xc is the centre frequency of the peak.

The ellipticity signal of the InAs (111) wafer did not exhibit any clear chirp, therefore the

�tting process involved just the �rst step used in �tting the ellipticity signal of GST/InAs

(111).



102

5.12. Summary

In this chapter I have described the pump and probe experiment setup for generating

and detecting coherent optical phonons. In addition the process of �tting the ellipticity

signal was explained.



6. Observation of coherent optical

phonons in a InAs(111) wafer

In this chapter I will present time resolved optical pump-probe measurements that pro-

vide information about the amplitude, phase, frequency and relaxation of coherent op-

tical phonons in a InAs(111) wafer. The pump-probe technique employed to perform

time resolved transient re�ectivity (R) and ellipticity which is the imaginery part of the

Anisotropic Re�ectance (AR), measurements will be described. I will also present mea-

surements that show how the response of the InAs sample depends upon the pump

polarisation, sample orientation and pump �uence. The results are interpreted by using

a theory of transient stimulated Raman scattering (TSRS) that can account for the

excitation of a phonon by either impulsive stimulated Raman scattering or the e�ect of

an optically induced space charge (SSC) �eld.

6.1. Ultrafast pump-probe measurements.

The limited time resolution of optical detectors largely prevents ultrafast processes from

being observed directly. One solution is to use a streak camera, which transforms the

temporal intensity pro�le of a light pulse into a spatial pro�le on the display of the

detector. To resolve the dynamics of ultrafast phenomena such as the excitation and

damping of optical phonons, several data points must be recorded within each period of

the phonon oscillation. Due to its limited temporal resolution, this cannot be accom-

plished with a streak camera.

A way to solve this problem is to measure the optical properties using the pump-probe

103
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Figure 6.1.: Schematic of pump-probe technique[26]

technique, which is explained in �gure 6.1. A �rst laser pulse, called the pump, induces

a dynamic process that changes the optical properties of the sample. A second laser

pulse, called the probe, arrives after a certain time at the excited area. The re�ected

probe pulse is passed into a detector to measure the changes in the optical properties.

The intensity of the probe pulse needs to be far lower than the intensity of the pump

pulse to avoid excitation of the sample by the probe pulse. In this con�guration the

duration of the probe pulse is what limits the time resolution .

6.2. Measuring transient re�ectivity and ellipticity

signals

Understanding of phonon spectra can provide information about the crystallographic

structure of a material. Time resolved pump-probe measurements can o�er information

about fast relaxation of photo-excited carriers and the phase and amplitude of coherent

optical phonons [43, 7]. Increasing the pump intensity, and hence the amplitude of the

coherent optical phonons within the material, can in principle lead to a change in the

phase of the material. The symmetry of a particular coherent optical phonon can be

studied by changing the polarisation of the pump and probe relative to the crystallo-

graphic axes. The time resolved transient R and ellipticity of InAs (111) wafer have
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been measured. The time resolved measurements were performed in three di�erent sets

in order to study the dependence of the coherent optical phonons upon one parameter

while the others were �xed. The �rst measurement was performed by changing the

pump polarisation while the probe polarisation was �xed at s polarisation. The second

measurement was performed by changing the sample orientation while the di�erence

between the pump and probe polarisation was �xed at 45°. The last measurement was

performed by varying the pump �uence.

6.3. Experimental details of optical pump probe

measurements

Time resolved transient R and ellipticity measurements were performed on the (111)

orientation of the InAs sample. The measurements were made using a single colour

optical pump-probe technique. A pulsed laser beam with 800 nm wavelength and 45 fs

duration was generated by a 100 kHz Ti:sapphire regenerative ampli�er and divided into

pump and probe beams. The sample was pumped at near to normal incidence by the

pump beam with variable polarisation state and �uence of 1.06 mJ/cm2. The pump

beam induced transient changes in the R and ellipticity signals that were detected by

an s-polarized probe beam. The probe beam was incident at 45◦ to the sample normal

with a much weaker �uence of 0.018 mJ/cm2. The pump and probe were focused so

as to overlap on the sample. Focusing lenses �xed on three axes translation stages were

used to adjust the overlap of the spots as they were viewed with a high magni�cation

CCD camera. The sizes of the pump and probe spots measured by a beam pro�ler

were 121 µmÖ128 µm and 43 µmÖ49 µm respectively. The pump beam intensity

was modulated at 690 Hz by a mechanical chopper. The re�ected probe beam was

incident upon an optical bridge detector connected to two lock in ampli�ers to detect

the transient re�ectivity and ellipticity signals. The alignment of the probe beam and

the bridge detector should be precise in order to avoid the breakthrough of the transient

re�ectivity into the ellipticity signal. The sample was �xed on a tripod platform that has

three bolts to adjust the alignment of the sample so that the direction of the re�ected
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probe beam does not change as the sample is rotated about its normal .

6.4. Experimental results

6.4.1. Changing the pump polarisation

Time resolved transient R and ellipticity measurements were performed on an InAs(111)

wafer of 350 µm thickness. To investigate the dependence of the time resolved transient

R and ellipticity signals upon the pump polarisation, the applied pump beam was incident

nearly normal to the sample while the s- polarized probe beam was incident at 45◦ as

shown in �gure 6.2. The p-polarisation state of the pump beam, with the direction

of the pump polarisation parallel to the plane of the incidence, was de�ned as the 0◦

orientation. The polarisation state of the pump beam was varied through 180◦ in 10◦

steps starting from p-polarisation.

Figure 6.2.: Experimental geometry for study of the response of the InAs sample to the
changing pump polaraization

Figure 6.3 shows a typical transient R signal obtained from the InAs(111) wafer, with an

s-polarized probe beam and for di�erent pump polarisations. Figure 6.3 (a) shows the

transient re�ectivity with the pump polarized at 45◦ relative to the probe. The initial

rise of the signal occurs within about 150 fs and is associated with the photo-excitation

and thermalization of an electron- hole plasma. Weak oscillations are observed within

the signal. The transient R signal is independent of the pump polarisation except in

the region where the pump and probe overlap in time for which bleaching of the optical

transition may occur.

Figure 6.4 (a) presents a typical time resolved ellipticity signal obtained from the InAs(111)
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Figure 6.3.: Time resolved R signals obtained from a InAs (111) wafer. The pump beam
was applied normal to the sample while the probe beam was s-polarized and
incident at 45◦. (a) Typical transient R signal, for 45◦ pump polarisation,
plotted on di�erent timescales. (b) Transient R signals for di�erent pump
polarisations.

wafer, for an s-polarized probe beam and with the pump polarisation set at 45◦ relative

to the probe. Around zero time delay, where the pump and probe overlap in time, a large

peak is observed due to the specular optical Kerr e�ect (SOKE). The SOKE peak is ob-

served to have maximum amplitude when the pump and probe polarisations are set 45◦

apart. The SOKE peak is succeeded by many cycles of oscillation with relaxation time

of around 3ps. The variation of the ellipticity signal with pump polarisation is shown in

�gure 6.4 (b). The oscillatory component obtained from the ellipticity signal is plotted

in �gure 6.4 (c). The experimental data has been cut immediately after the SOKE peak

and �tted to equation 5.32, without subtracting a background, and with the chirp pa-

rameter set equal to zero. The power spectra obtained from this oscillatory component

are shown in �gure 6.4 (d) for di�erent pump polarisations. The oscillation frequen-

cies obtained both by �tting the power spectrum to a Lorentzian curve, and by �tting

equation 5.32 to the time domain data before subtracting the background and with the

chirp parameter set equal to zero, are shown in �gure 6.5 (a). The frequencies obtained

by the two methods are in good agreement, being approximately equal to 6.511±0.007

THz for FFT data and 6.495±0.005 THz for the raw time domain data and independent

of pump polarisation. However �gure 6.5 (b) shows that the phonon amplitude has a
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de�nite dependence on pump polarisation that is suggestive of the SOKE, with the am-

plitude reaching maximum value when the pump and probe polarisations lie 45◦ apart.

The dependence of phase upon pump polarisation is shown in �gure 6.5 (c). The phase

of oscillation changes by approximately π radians as the pump polarisation crosses 90◦.

The dependence of the line width and relaxation time upon pump polarisation is shown

in �gure 6.5 (d) and (e) respectively. Panel (e) shows a well de�ned variation of the

relaxation time that is symmetric about the 90◦ orientation, with maximum relaxation

time occuring at approximately 70 and 110◦. The variation of the linewidth in (d) is less

clear and is not consistent with the variation of the relaxation time shown in (e) for an

unknown reason.
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Figure 6.4.: Time resolved ellipticity signals obtained from the InAs(111) wafer. The
pump beam was applied normal to the sample while the probe beam was
s-polarized and incident at 45◦. (a) Typical ellipticity signal for 45◦ pump
polarisation, plotted on di�erent timescales. (b) Ellipticity signals for di�er-
ent pump polarisations. (c) Oscillatory component of ellipticity signal after
subtracting the SOKE peak and �tting equation 5.32 to the time domain
data. (d) Power spectra obtained from the oscillatory components of the
ellipticity signals.
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Figure 6.5.: The dependence of (a) frequency, (b) amplitude, (c) phase, (d) line width,
(e) relaxation time, obtained from the ellipticity signal upon the pump po-
larisation is shown for measurements made on the InAs (111) wafer. The
pump beam was incident normal to the sample while the probe beam was
incident at 45◦ and s-polarized. In (a) each black square represents the
frequency value obtained by �tting a Lorentzian to the power spectrum,
and the red circles represent the frequency values obtained by �tting the
data to equation 5.32, with the chirp parameter set equal to zero, before
subtracting the background. In (b) the black circle represent the amplitude
values obtained by �tting a Lorentzian lineshape to the power spectra, while
the red circles represent the amplitude values obtained from �ts to equation
5.32 before subtracting the background.
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6.4.2. Changing the sample orientation

To study the dependence of the transient R and ellipticity signals upon the sample

orientation, the pump polarisation was �xed at 45◦ while the probe polarisation was s

polarised, and the sample was rotated about its normal from through 180◦ as shown in

�gure 6.6. The sample orientation θsample has been de�ned as the angle between the

long sample edge and the plane of incidence.

Figure 6.6.: Experimental geometry for study of the dependence of optical response upon
orientation of the InAs(111) wafer.

Figure 6.7 (a) presents the dependence of the ellipticity signal on sample orientation

when the polarisation of pump and probe were set 45◦ apart. The signal is dominated

by the initial SOKE peak, the form of which appears to be independent of the sample

orientation. The oscillatory component of the ellipticity signal is plotted in �gure 6.7

(b), and appears to have similar phase for all sample orientations. The power spectra

obtained from the oscillatory components of the ellipticity signal are shown in �gure 6.7

(c). The phonon frequencies extracted from �tting both the power spectra and the time

domain signals are plotted in �gure 6.8 (a). The phonon frequency is seen to be equal

to 6.493±0.002 THz for FFT data and 6.487±0.003 THz for the time domain data and

independent of sample orientation. The dependence of the phonon amplitude on the

sample orientation is plotted in �gure 6.8 (b). Allowing for some scatter in the extracted

values we can conclude that the phonon amplitude is independent of sample orientation.

Figure 6.8 (c), (d) and (e) show the dependence of line width, relaxation time and phase

of the oscillations on sample orientation. Again there is no systematic variation of any

of these parameters, suggesting that their values are independent of sample orientation.
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Figure 6.7.: Time resolved ellipticity signals obtained from the InAs (111) wafer as the
sample was rotated from 0 to 180◦ about its normal direction. The pump
beam was at close to normal incidence with polarisation angle of 45◦ while
the probe beam was incident at 45◦ to the normal with s-polarisation. (a)
Ellipticity signals for di�erent sample orientations. (b) Oscillatory compo-
nents of the ellipticity signal before background subtraction. (c) Power
spectra obtained from the oscillatory components of the ellipticity signals.
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Figure 6.8.: The dependence of (a) frequency, (b) amplitude, (c) phase, (d) line width,
and (e) relaxation time, upon the sample orientation are shown for measure-
ments made upon the InAs (111) wafer. The pump beam was at close to
normal incidence upon the sample with �xed polarisation angle of 45◦ while
the probe was incident at 45◦ and s-polarized. In (a) the black squares
represent the frequency values obtained by �tting a Lorentzian to the power
spectrum, while the red circles represent the frequency values obtained from
�tting equation 5.32 to the data before subtracting the background and with
the chirp parameter set equal to zero. In (b) the black squares represent the
amplitude values obtained from �tting a Lorentzian to the power spectrum
while the red circles represent the amplitude values obtained from �tting
equation 5.32 to the data before subtracting the background.
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6.4.3. Changing pump �uence

The e�ect of pump �uence on the transient ellipticity and R signals and hence upon

the COPs within InAs (111) was studied with the pump and probe polarisations set 45◦

apart as shown in �gure 6.9. The measurements were made at high pump �uence and

then immediately repeated at a lower �uence of 1.01 mJ/cm2 .

Figure 6.9.: Experimental geometry for study of the dependence of the optical response
of the InAs sample upon pump �uence.

The transient ellipticity and R signals obtained from the repeated measurement at 1.01

mJ/cm2 are shown in �gure 6.10 (a) and (b). The transient ellipticity and R signals

obtained at the elevated pump �uence are shown in �gure 6.11 (a) and (b). Figure 6.10

(c) and 6.11 (c) show the power spectra obtained from the ellipticity signals acquired

during the repeated measurement at 1.01 mJ/cm2 and at the elevated pump �uence

values respectively. The repeated measurements at low �uence suggest that the signal

shape and oscillation frequency are una�ected by exposure to elevated pump �uence,

which implies that no structural changes have taken place. This is consistent with InAs

being a hard material with a high melting point . The peak height of the re�ectivity

signals obtained at elevated pump �uence increase up to a pump �uence of 5.05 mJ/cm2

and then decrease, indicating that there saturation of the absorption occurs at about

5.05 mJ/cm2.
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Figure 6.10.: The dependence of transient re�ectivity and ellipticity signals obtained from
InAs (111) wafer after exposure to elevated pump �uence when the pump
and probe polarisations were set 45◦ apart. A measurement was made
at high pump �uence then immediately repeated at a lower pump �uence
of 1.01 mJ/cm2. (a) and (b) transient re�ectivity and ellipticity signals
respectively obtained from the repeated measurements at the lower pump
�uence of 1.01 mJ/cm2 after exposure to the elevated �uence shown in the
legend. (c) shows the power spectra obtained from the ellipticity signals
obtained at pump �uence of 1.01 mJ/cm2.

The frequency and amplitude of oscillations observed in the ellipticity signals obtained

from repeated scans at low pump �uence and at elevated �uence are presented in �gure

6.12(a) and (b) and �gure 6.13 (a) and (b) respectively. The plots con�rm that the

frequency of oscillation is independent of pump �uence. Surprisingly the amplitude of

oscillation measured at elevated �uence seems to be only weakly dependent upon the
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value of the �uence . Figure 6.12 (c), (d), (e) and �gure 6.13 (c), (d), (e) show that

the linewidth, and relaxation time and phase of the oscillations observed in the ellipticity

signals are independent of �uence for both repeated scans at low pump �uence and scans

at elevated pump �uence .
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Figure 6.11.: The dependence of transient R and ellipticity signals obtained from InAs
(111) wafer at elevated pump �uence when the pump and probe polari-
sations were set 45◦ apart. (a) and (b) transient R and ellipticity signals
respectively obtained at elevated pump �uence. (c) shows the power spec-
tra obtained from the ellipticity signals.
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Figure 6.12.: (a) frequency, (b) amplitude, (c) phase, (d) line width, and (e) relaxation
time of the phonon oscillation observed in the ellipticity signals obtained
from InAs (111) wafer at pump �uence of 1.01 mJ/cm2 after exposure to
the pump �uence used to label the horizontal axis. The pump beam was
at close to normal incidence upon the sample with 45◦ polarisation angle
while the probe was incident at 45◦ and s-polarized. In (a) the black squares
represent the frequency values obtained by �tting a Lorentzian to the power
spectrum, while the red circles represent the frequency values obtained
by �tting equation 5.32 to the data before subtracting the background
and with the chirp parameter set equal to zero. In (b) the black squares
represent the phonon amplitude values obtained by �tting a Lorentzian to
the power spectrum, while the red circles represent the phonon amplitude
values obtained from �tting equation 5.32 to the data before subtracting
the background and with the chirp parameter set equal to zero.
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Figure 6.13.: (a) frequency, (b) amplitude, (c) phase, (d) line width, and (e) relaxation
time of the phonon oscillation observed in the ellipticity signals obtained
from the InAs (111) wafer at the elevated pump �uence used to label the
horizontal axis. The pump beam was at close to normal incidence upon
the sample with 45◦ polarisation angle while the probe was incident at 45◦

and s-polarized. In (a) the black squares represent the frequency values
obtained by �tting a Lorentzian to the power spectrum, while the red circles
represent the frequency values obtained from �tting equation 5.32 to the
data before subtracting the background and with the chirp parameter set
equal to zero. In (b) the black squares represent the phonon amplitude
values obtained by �tting a Lorentzian to the power spectrum, while the
red circles represent the phonon amplitude values obtained from �tting
equation 5.32 to the data before subtracting the background and with the
chirp parameter set equal to zero.
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6.5. Raman spectra of the InAs (111) wafer

Micro-Raman measurements was performed on the InAs(111) wafer. Spectra were ac-

quired with a Renishaw Raman System 1000 spectrometer equipped with a laser emitting

light of 532nm wavelength. The laser beam was directed at normal incidence onto the

sample and focused with a 40 Ö objective of 0.55 NA (numerical aperture) that yielded a

spot with area <10 µm2 . The re�ected inelastically scattered light was directed onto a

di�raction grating and from there onto the detector. An optical microscope was used to

image the sample area being investigated with the Raman probe. For polarisation mea-

surements a half-wave plate could be introduced into the incident beam path to change

its polarisation. By introducing a polariser into the scattered light path, measurements

with incident and scattered polarisation that were either parallel or perpendicular could

be achieved. The intensity count of the inelastically scattered light was plotted against

the wavenumber (cm−1) . Before starting the measurements, a calibration measure-

ment was performed upon a Si sample and the frequency of Si at around 520 cm−1 was

observed.

The Raman spectrum of the InAs (111) wafer is shown in �gure 6.14. The spectrum

shows three peaks, one centred at about 216 cm−1 (6.5 THz) which can be associated

with the zone center TO phonon, which is also detected in pump-probe measurements,

and one centered at 234 cm−1 (7.0 THz) which can be associated with the zone center

LO phonon. Beside the TO and LO phonon peaks there is another peak centered at 226

cm−1 (6.8 THz) which can be associated with the Fuchs-Kliewer surface optical phonon.

The frequency of the Fuchs-Kliewer surface optical phonon mode [101] is related to the

frequency of the bulk transverse optic TO (Γ), mode, and can be written as

ωFK = ωTO[(ε◦ + 1)/(ε∞ + 1)]1/2

where ε◦ and ε∞ are the static and high frequency dielectric constants respectively of

the substrate material. Remembering the Lyddane-Sachs-Teller relation between the

bulk TO and LO frequencies, namely ω2
LO/ω

2
TO = ε◦/ε∞, and noting that ε◦ > ε∞, it

can be seen that the Fuchs- Kliewer frequency should lie between the bulk TO and LO
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frequencies: ωTO < ωFK < ωLO [102].
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Figure 6.14.: Multipeak �tting of the Raman spectrum of the InAs(111) wafer

The mode frequencies observed in our Raman measurements are close to those found

within the literature [103, 104, 105]. In previous Raman measurements [106] performed

upon GaSb(001), a phonon with frequency of 6.7 THz was observed and associated with

the zone center LO phonon. The observation of TO and LO phonons in InAs (111) and

GaSb (001) are in agreement with the calculations of section (1.6.1) that consider the

Raman selection rules for backscattering at normal incidence from the (111) and (001)

surfaces of the zinc blend structure. The calculations reveal that for backscattering from

the (100) surface only the LO phonon is Raman active, while for backscattering from the

(111) plane both the LO and TO phonons are Raman active. The calculations also show

that the LO phonon intensity is lower than the TO phonon intensity in agreement with

our experimental measurements. Table (6.1) shows the phonon frequency of InAs(111)

wafer that extracted from Raman and Pump-probe measurements.

Multi-peak �tting of the Raman spectrum was carried using the Origin software using

the following procedure. First a baseline was removed from the spectrum, and then

the peak centers were chosen manually using the peak analyzer preview function, before

the multipeak �t tool was �nally used to �t the peaks. The green lines represent the

individual �tted peaks and the red line represents the superposition of all the individual

modes as shown in �gure 6.14.
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Pump-probe measurement

Pump polarisation

Power spectrum
6.511 ± 0.002 THz

Time domain
6.495 ± 0.005 THz

Sample orientation

Power spectrum
6.493 ± 0.002 THz

Time domain
6.487 ± 0.003 THz

Raman measurement
6.5 ± 0.003THz
6.8 ± 0.023 THz
7 ± 0.084 THz

Table 6.1.: Frequency of phonon modes of InAs(111) wafer that extracted from the time
resolved ellipticity signals and Raman measurement.

6.6. Discussion

A theory of transient stimulated Raman scattering (TSRS) was developed in chapter 3 in

which the pump beam can excite COPs by either impulsive stimulated Raman scattering

(ISRS) or by generation of a surface space charge (SSC). If we �rst con�ne the discussion

to the ISRS mechanism, it was shown that for a (111) plane of a cubic crystal, A and E

type phonons can be observed only in the R signal without any dependence on pump or

probe polarization, while the T2 phonon can be observed in both R and AR signals. Figure

6.15 shows the predicted dependence of the amplitude of the T2x, T2y, and T2z modes

upon pump and probe polarization. Each amplitude exhibits a sinusoidal dependence

upon both θ (the angle between the pump electric �eld and the [1-10] axis) and φ (the

angle between the probe electric �eld angle and the [1-10] axis) with period of 180◦ .

Values of θ and φ that lead to zero amplitude should be avoided if a particular mode

is to be observed within the experiment. The �gure also shows that however the pump

and probe are oriented, at least two of the three T2 phonon modes should be excited

and detected. The theory predicts what is allowed on grounds of symmetry but does not

quantify the amplitude of the phonon signal.

Table 3.1 includes the expressions for the T2x, T2y, and T2z modes for both the R and

AR signals. Dropping the constant post-factors of −2/3 in the R and summing the three

expressions yields a constant value as explained bellow.
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(a) Pump (b) Probe

Figure 6.15.: Dependence of the amplitude of the T2x, T2y, and T2z modes upon the
angles θ and φ that de�ne the orientation of the electric �eld of the pump
and probe respectively within the plane of the GST/InAs(111) structure.
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The summation of the expressions for the three modes in the AR signal leads to

2
3

sin(2(θ − φ)) as shown below
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+

(
1√
3

sin(2θ)− 2
3

sin2(θ)
) (

2√
3

cos(2φ)− 2
3

sin(2φ)
)

(
− 1√

3
sin(2θ)− 2

3
sin2(θ)

) (
− 2√

3
cos(2φ)− 2

3
sin(2φ)

)
+
(
− cos2(θ) + 1

3
sin2(θ)

) (
4
3

sin(2φ)
)

=
2

3
sin 2θ cos 2φ+

4

9
sin2 θ sin 2φ− 2

3
cos2 θ sin 2φ+

2

9
sin2 θ sin 2φ

=
2

3
sin 2θ cos 2φ+

2

3
(sin2 θ − cos2 θ) sin 2φ

=
2

3
(sin 2θ cos 2φ− cos 2θ sin 2φ)

=
2

3
sin(2(θ − φ)).

From the above summations it can be seen that for a (111) plane the TSRS theory

predicts the excitation of three degenerate phonon modes that have three dimensional

representations T2x, T2y, and T2z and which can be observed in R and AR signals. For

the R signal a linear superposition of three di�erent polarisations of the T2 mode leads

to an amplitude of oscillation that does not change as the pump and probe polarisations

change. However for the AR signal, the TSRS theory predicts a dependence on pump

and probe polarisation that varies as sin(2(θ − φ)), so that when the angle between

the pump and probe polarisation is 45◦, the amplitude of the oscillation will reach its

maximum value. This angular dependence is exactly the same as that expected for the

specular optical Kerr e�ect (SOKE).

As was mentioned in chapter 2, InAs has the Td point group with �ve irreducible repre-

sentations denoted as A1, A2, E, T1and T2 [107, 6, 8]. The zone centre phonon mode

has the representation T2 mode that is Raman active. At the zone center, the three

dimensional T2 mode splits into the longitudinal optical phonon and the doubly degen-

erate transverse optical phonon. In the Raman spectra obtained from the InAs (111)

wafer the transverse optical phonon TO and longitudinal optical phonon LO have both
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been detected. The ellipticity signal obtained from the InAs (111) wafer shows a clear

oscillation with frequency of about 6.5 THz. The TSRS theory suggests that this is one

of the three dimensional T2 phonon modes, while the Raman spectra suggest that it is

the transverse optical phonon.

The amplitude of the phonon observed in InAs (111) shows a clear sin(2(θ−φ)) depen-

dence on pump and probe polarization that can be explained by the TSRS theory and

is also characteristic of the SOKE. The phonon amplitude at 0, 90 and 180◦ degrees is

almost zero, therefore the SSC mechanism does not contribute to the excitation of the

COPs because this mechanism does not depend upon the pump polarisation.

In the Raman spectra obtained from the InAs(111) wafer, TO and LO phonons are

observed while in the pump-probe measurements only the TO phonon is observed. The

reason why the pump-probe measurement detects the TO phonon mode but not the

LO phonon mode is not yet clear, but there are three possibilities. First, from the

calculations of section (1.6.1) that consider the Raman selection rules for backscattering

from the (111) wafer of zinc blend structure, to detect both TO and LO phonon modes,

the polarisation of the incident and scattered beams should be in the same plane. In

pump-probe measurements two beams interact with di�erent electric polarisations so

perhaps the polarisation of the incident and scattered beams are not in the same plane.

Second, there may be some fundamental reason, based upon a more detailed microscopic

treatment, for why a pump-probe signal from the LO phonon is either forbidden or so

weak as to be undetectable. The third possibility could be instrumental, for example

due to limited frequency resolution.

The study of the dependence of the phonon signal upon evaluated pump �uence for InAs

(111) wafer revealed no change in the frequency, amplitude or phase of the observed

phonon mode, suggesting that no pump-induced structural modi�cation of the InAs

(111) structure takes place.
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6.7. Summary

Time resolved pump-probe measurements were performed on InAs (111) wafer to obtain

information about the frequency, amplitude, phase, and relaxation time of coherent op-

tical phonons within the material. Time resolved transient refelctance (R) and ellipticity

(complex anisotropic re�ectance (AR)) measurements were made. A three-dimensional

T2 optical phonon was observed in the ellipticity signal and this identical as the transverse

optical phonon mode TO. The sensitivity of the phonon amplitude to pump polarisa-

tion was similar to that expected from the specular optical Kerr e�ect (SOKE) within

anisotropic medium. It was shown that this behaviour is predicted by a theory of impul-

sive stimulated Raman scattering (ISRS) in which three degenerate T2 modes are excited

simultaneously and superpose to yield the observed change in the probe beam polari-

sation. Raman spectra obtained from InAs (111) reveal the transverse optical phonon

mode observed in pump-probe measurements, in addition to two other modes which

are ascribed to the longitudinal and surface optical phonons. Exposure of InAs(111) to

elevated pump �uence appears not to induce any signi�cant structural changes.





7. Observation of coherent optical

phonons in GST epilayers

grown on an InAs(111) wafer

In this chapter I will present time resolved re�ectivity and ellipticity measurements that

can help to understand the excitation of coherent optical phonons in GST, which may

give insight into the non-thermal nature of phonon excitation and the structural phase

transition at high �uence. The response of the sample to the pump and probe polarisa-

tions, to the sample orientation and to high pump �uence will be described. The results

are interpreted in terms of the transient stimulated Raman scattering (TSRS) theory

that was explained in Chapter 3.

7.1. Experimental results

The pump-probe technique used to perform the time resolved transient re�ectivity

and ellipticity measurements on epitaxial Ge2Sb2Te5/InAs(111) is same as that used

for InAs (111). The measurements have been performed on two di�erent epitaxial

GST/InAs(111) samples provided by the Paul Drude Institute, Berlin. The thickness

of the �rst epitaxial GST/InAs(111) sample was 22 nm while the second epitaxial

GST/InAs(111) sample had a thickness of 20 nm.
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7.1.1. Dependence of the coherent optical phonon signal

upon pump polarisation for the �rst epitaxial

GST/InAs(111) sample

To investigate the dependence of time resolved transient re�ectivity and ellipticity signals

upon the pump polarisation, the applied pump beam was incident normal to the sample

while the s- polarised probe beam was incident at 45◦ as shown in �gure 7.1. The p-

polarised state of the pump beam, with the pump electric �eld parallel to the plane of

the optical table, was de�ned as the 0◦ orientation. The polarisation state of the pump

beam was varied through 180◦ in 10 steps starting from p-polarisation.

Figure 7.1.: Experimental con�guration for study of the response of the �rst
GST/InAs(111) sample to the changing pump polaraization

Figure 7.2 shows typical transient re�ectivity (R) signals obtained from the �rst GST/InAs

(111) structure. The probe beam was s-polarised while the pump polarisation was varied.

The initial rise of the signal occurs within about 124 fs and is attributed to the photo-

excitation and thermalization of an electron-hole plasma. Weak oscillations are observed

within the signal. The measurements reveal that the transient R signal is independent of

pump polarisation except for a small variation in the signal amplitude around zero delay.

Similar transient R signals were detected for the InAs(111) reference sample, suggesting

that the transient R signal observed in GST/InAs(111) is dominated by the response of

the InAs substrate.



129

0.000 0.001 0.002 0.003
0

1

2

3

4

5

6

0.00 0.02 0.04 0.06 0.08 0.10
0.0

0.4

0.8

1.2

1.6

2.0

0 1 2 3 4

0.0

0.4

0.8

1.2

 

 

T
ra

n
si

e
n
t 

re
fle

ct
iv

ity
 (

%
)

Time delay (ns)

(a)

-0.5 0.0 0.5 1.0 1.5 2.0 2.5
0
2
4
6
8

10
12
14
16
18
20
22
24
26 (b) 170

160
150
140
135
130
120
110
100

90
80

30

70
60
50
45
40
30
20
10

 

 

T
ra

n
si

e
n

t 
re

fle
ct

iv
ity

 (
%

)

Time delay (ps)

Figure 7.2.: Time resolved re�ectivity signals obtained from GST/InAs (111). The pump
beam was applied nearly normal to the sample while the probe beam was s-
polarised and incident at 45◦. (a) Typical transient re�ectivity signal, for 45◦

pump polarisation, plotted on di�erent timescales. (b) Transient re�ectivity
signals for di�erent pump polarisations.

Figure 7.3 (a) shows a typical time resolved ellipticity signal obtained from the �rst

GST/InAs(111) structure. The probe beam was s-polarized while the pump polarisation

was varied. Around zero time delay, when the pump and probe overlap in time, a large

peak is observed due to the specular optical Kerr e�ect (SOKE). The SOKE peak has

maximum amplitude when the pump and probe polarisations lie 45◦ apart. The peak

appears because the electron momentum distribution in the sample is modi�ed by the

pump, and is short-lived due to the short momentum relaxation time. The SOKE peak

is followed by an oscillation with frequency that increases with time during the scan,

and which has a relaxation time of about 1.75 ps. After applying heat to the sample

the bonding between neighbouring ions is weakened, which leads to oscillations of lower

frequency, but with the frequency increasing as the samples cools. Figure 7.3 (b) shows

the ellipticity signals obtained for di�erent pump polarisations, while �gure 7.3(c) is

an expanded view that shows the oscillations more clearly. The oscillatory components

obtained after subtracting a background are shown in �gure (d). The power spectra

obtained from the oscillatory components of the ellipticity signals are shown in Figure

7.3 (e).
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Figure 7.3.: Time resolved ellipticity signals obtained from the �rst GST/InAs (111)
sample. The pump beam was applied nearly normal to the sample while the
probe beam was s-polarised and incident at 45◦. (a) Typical ellipticity signal
for 45◦ pump polarisation, plotted on di�erent timescales. (b) Ellipticity
signals for di�erent pump polarisations. (c) Expanded view of ellipticity
signals. (d) Oscillatory component of ellipticity signal after subtraction of
background. (e) Power spectra obtained from the oscillatory components
of the ellipticity signals.
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Figures 7.4 (a) and (b) present the dependence of the oscillation frequency upon pump

polarisation. Figure 7.4 (a) shows the oscillation frequencies obtained �rstly by �tting

a Lorentzian curve to the peak in the power spectrum, and secondly by �tting the raw

time domain data to equation 5.32 with the chirp parameter set equal to zero. The

frequencies determined by these two methods are found to be in good agreement and

appear to be independent of pump polarisation. The results for 90◦ have been excluded

on the grounds that the oscillation amplitude was too small to yield a reliable �t. The

frequency for the combined data in (a) is determined to be 2.897 ± 0.025 THz for

FFT data and 2.925± 0.017 THz for raw time domain data. Figure 7.4 (b) again

displays the frequency of oscillation determined from the power spectrum, but this time

in comparison with that obtained by �tting equation 5.32 to the oscillatory component

of the data after background subtraction, and allowing the chirp parameter to vary. The

latter method yields a frequency of 2.380 ± 0.073 THz. The power spectrum yields the

average value of the frequency during the whole scan, while �tting the time domain data

to a chirped sinusoid yields the value of the frequency at beginning of the scan when

the bonding is weakest and the frequency lowest. The instantaneous frequency ω when

the oscillations have just damped out, and are no longer detectable in the measurement,

can be estimated. To do this we take the di�erence of the frequency extracted from the

power spectrum ωps and the instantaneous frequency at the beginning of the scan that

extracted from time domain �tting ωTD, and add it to the frequency extracted from

the power spectrum ωps (i.e ω = (ωps − ωTD) + ωps). In the present case this yields

a frequency of 3.41 THz. Figure 7.4 (c) and (d) show the dependence of the phonon

amplitude upon pump polarisation. The amplitude shows a clear dependence on pump

polarisation and has maximum value when pump and probe polarisations lie 45◦ apart.

The variation of phase is shown in �gure 7.4(e). The phase has a value of about 0 rads

until the orientation of the pump electric �eld reaches 90◦ after which it has a value of

about π rads. The dependence of the line width, relaxation time and chirp upon pump

polarisation is shown in �gure 7.4 (f), (g) and (h) respectively and exhibit no clear trend.

The observed variations are probably due to a gradual drift in the optical alignment since

the 0 and 180° con�gurations should in principle be equivalent .
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Figure 7.4.: The dependence of (a), (b) frequency, (c), (d) amplitude, (e) phase, (f)
line width, (g) relaxation time, and (h) chirp parameter upon the pump
polarisation are shown for measurements made on the �rst GST/InAs (111)
sample. The pump beam was incident normal to the sample while the probe
beam was incident at 45° and s-polarised. In (a) each black square represents
the frequency value obtained by �tting a Lorentzian to the power spectrum,
and the red circles represent the frequency values obtained by �tting the
data to equation 5.32, with the chirp parameter set equal to zero, before
subtracting the background. In (b) the black squares represent the frequency
values obtained from the power spectra, while the red circles represent the
frequency values obtained from �ts to equation 5.32 after subtracting the
background and allowing the chirp parameter to vary. In (c) the black circles
represent the amplitude values obtained by �tting a Lorentzian lineshape to
the power spectra, while the red squares represent the amplitude values
obtained from �ts to equation 5.32 before subtracting the background. In
(d) the black circles represent the amplitude values obtained by �tting a
Lorentzian lineshape to the power spectra while the red squares represent
the amplitude values obtained from �ts to equation 5.32 after subtracting
the background from the data and allowing the chirp parameter to vary.
In (e) and (g) the black circles represent the phase and relaxation time
values respectively obtained from �tting equation 5.32 to the data before
subtracting the background and with the chirp parameter set equal to zero
while the red circles represent the phase and relaxation time values obtained
from �ts to equation 5.32 after subtracting the background and allowing
the chirp parameter to vary.
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7.1.2. Dependence of the coherent optical phonon signal

upon sample orientation for the �rst epitaxial

GST/InAs(111) sample

The dependence of the coherent optical phonon signal from the �rst GST/InAs (111)

sample was studied as the sample orientation was changed from 0 to 180◦. The pump

beam was applied close to normal to the sample with �xed polarisation angle of 45◦ while

the probe beam was incident at 45◦ to the normal with �xed s-polarisation as shown in

�gure 7.5.

Figure 7.5.: Experimental con�guration used to study the response of the �rst
GST/InAs(111) sample to changing the sample orientation

The sign of the SOKE peak and the phase of the oscillation are unchanged as the sample

orientation is varied. The oscillatory signal before and after subtraction of a background

is shown in Figure 7.6 (a) and (b) respectively. The power spectra obtained from the

subtracted data are shown in �gure 7.6 (c).
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Figure 7.6.: Time resolved ellipticity signals obtained from the �rst GST/InAs (111)
sample as the sample was rotated from 0 to 180° about its normal direc-
tion. The pump beam was at close to normal incidence with polarisation
angle of 45° while the probe beam was incident at 45° to the normal with
s-polarisation. (a) Ellipticity signal before subtraction of a background. (b)
Oscillatory components of the ellipticity signal after subtraction of a back-
ground as described in chapter (5). (c) Power spectra obtained from the
oscillatory component of the ellipticity signal shown in (b).

Figure 7.7(a) shows the dependence of the phonon frequency upon the sample orien-

tation. The phonon frequency was determined �rstly by �tting a Lorentzian curve to

the peak in the power spectrum and secondly by �tting equation 5.32 to the time do-

main signal before subtracting the background and setting the chirp parameter equal to

zero. The phonon frequency is 3.12±0.02 THz for the FFT data and 3.00±0.02 THz

for the time domain data and independent of sample orientation. In Figure 7.7 (b) the

frequency obtained from the power spectrum is compared with that obtained by �tting

equation 5.32 to the oscillatory component of the data, after subtraction of a back-
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ground, and with the chirp parameter allowed to vary. The phonon frequency from this

method is determined to be 2.76 ± 0.06 THz which yields the instantaneous frequency

at the beginning of the scan. The phonon frequency extracted from this measurement is

slightly higher than that extracted from measurements in which the pump polarisation

was varied. This di�erence in frequency might due to a di�erence in the accuracy with

which the pump and probe spots were focused and overlapped leading to a di�erence

in the pump �uence at the position of the probe spot that results in a di�erence in the

sample temperature in each measurement. The instantaneous frequency ω when the

oscillations have just damped out, and are no longer detectable in the measurement, can

be estimated in the same way as before. Again we take the di�erence of the frequency

extracted from the power spectrum ωps and the instantaneous frequency at the beginning

of the scan that extracted from the time domain �tting ωTD, and add it to the frequency

extracted from the power spectrum ωps (i.e ω = (ωps − ωTD) + ωps). In the present

case this yields a frequency of 3.48 THz. The systematic di�erence in the frequencies

obtained by the �rst two and third method has a similar origin to that in the previous

section . The variation of the phonon amplitude extracted by the same �tting methods is

plotted in Figure 7.7(c) and (d). An apparent variation in phonon amplitude is observed

as the sample is rotated. This may be due either to inhomogeneity of the sample or

a variation in the overlap of the pump and probe spots. The amplitude at 0 and 180◦

should be exactly equivalent, which suggests that when the sample is rotated between

these two angles the position of the laser spots on the sample is di�erent. The phase

of the oscillation is presented in �gure 7.7 (e) and shows a fairly constant value with

sample orientation. The line width, the relaxation time and chirp parameter are plotted

in �gure 7.7 (f), (g) and (h) respectively. While there is some scatter in the values,

there is no systematic variation, suggesting that these parameter values are independent

of the sample orientation.
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Figure 7.7.: The dependence of (a), (b) frequency, (c), (d) amplitude, (e) phase, (f) line
width, (g) relaxation time, and (h) chirp parameter upon the sample ori-
entation are shown for measurements made upon the �rst GST/InAs (111)
sample. The pump beam was at close to normal incidence upon the sample
with �xed polarisation angle of 45◦ while the probe was incident at 45° and
s-polarised. In (a) the black squares represent the frequency values obtained
by �tting a Lorentzian to the power spectrum, while the red circles repre-
sent the frequency values obtained from �tting equation 5.32 to the data
before subtracting the background and with the chirp parameter set equal to
zero. In (b) the black squares again represent the frequency values obtained
from the power spectra, while the red circles represent the frequency values
obtained from �ts to equation 5.32 after subtracting the background and
allowing the chirp parameter to vary. In (c) the black circles represent the
amplitude values obtained from �tting a Lorentzian to the power spectrum
while the red squares represent the amplitude values obtained from �tting
equation 5.32 to the data before subtracting the background. In (d) the
black circles represent the amplitude values obtained from �ts to the power
spectra while the red squares represent the frequency values obtained from
�tting equation 5.32 to the data after subtracting the background and al-
lowing the chirp parameter to vary. In (e) and (g) the black circles represent
the phase and relaxation time values respectively obtained from �tting equa-
tion 5.32 to the data before subtracting the background and with the chirp
parameter set equal to zero while the red circles represent the phase and
relaxation time values obtained from �ts to equation 5.32 after subtracting
the background and allowing the chirp parameter to vary.
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7.1.3. Dependence of the coherent optical phonon signal

upon probe polarisation for the �rst epitaxial

GST/InAs(111) sample

The dependence of the coherent phonon signal from the �rst GST/InAs (111) upon the

probe polarisation was studied by �xing the probe polarisation at 45◦and rotating the

pump polarisation and the sample together so that their orientation relative to the probe

polarisation was varied. The pump beam was applied close to normal to the sample

while changing its polarisation, while the probe beam was incident at 45◦ to the normal

with �xed s-polarisation as shown in �gure 7.8.

Figure 7.8.: Experimental con�guration for studying the response of the �rst
GST/InAs(111) sample to probe polarisation

The coherent phonon oscillations appear when the di�erence in polarisation between

pump and probe is 45◦ and disappear when the di�erence in polarisation between pump

and probe is 90◦. The time resolved ellipticity signal and the oscillatory component

of the ellipticity signal for di�erent probe polarisations are shown in �gure 7.9 (a) and

7.9(b). The oscillatory signal before and after subtraction of a background is shown in

Figure 7.9(c) and 7.9(d) respectively. The power spectra obtained from the subtracted

data are shown in �gure 7.9 (e).
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Figure 7.9.: Time resolved ellipticity signals obtained from the �rst GST/InAs (111)
sample as the sample and pump polarisation were rotated together with
�xed probe polarisation. The pump beam was at close to normal incidence
while the probe beam was incident at 45◦ to the normal with s-polarisation.
The angle between the pump polarisation and the sample edge was �xed to
45◦. (a) The ellipticity signal for di�erent probe polarisations. (b) Oscillatory
components of the ellipticity signal. (c) Ellipticity signal before subtraction
of a background. (d) Oscillatory components of the ellipticity signal after
background subtraction. (e) Power spectra obtained from the oscillatory
component of the ellipticity signal shown in (c).

Figure 7.10 (a) shows the dependence of the phonon frequency upon the probe polarisa-

tion. The phonon frequency was determined �rstly by �tting a Lorentzian curve to the

peak in the power spectrum and secondly by �tting equation 5.32 to the time domain

signal before subtracting the background and setting the chirp parameter equal to zero

and �nally by �tting equation 5.32 to the oscillatory component of the data, after sub-
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traction of a background, and with the chirp parameter allowed to vary. The frequency

for the combined data in (a) was determined to be 3.19 ± 0.06 THz for the FFT data

and 3.00± 0.05 THz for the raw time domain data when the chirp parameter was set to

equal zero and 2.76± 0.16 THz for the raw time domain data when chirp parameter was

allowed to vary. The variation of the phonon amplitude extracted by the same �tting

methods is plotted in Figure 7.10 (b). An apparent variation in phonon amplitude is

observed as the probe polarisation is changed. The phase of the oscillation is presented

in �gure 7.10 (c) and shows there is not much variation in the signals apart from the

phase alternating by pi rads between successive points . The relaxation time and the

line width are presented in �gure 7.10 (d) and (e) and show a fairly constant value. The

chirp parameter is presented in �gure 7.10 (f) and shows no clear dependence on the

probe polarisation.
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Figure 7.10.: The dependence of (a) frequency, (b) amplitude, (c) phase, (d) relaxation
time, (e) line width and (f) chirp parameter upon the probe polarisation are
shown for measurements made upon the �rst GST/InAs (111) sample. The
pump beam was at close to normal incidence upon the sample with varied
polarisation angles while the probe was incident at 45◦ and s-polarised. In
(a) the black squares represent the frequency values obtained by �tting
a Lorentzian to the power spectrum, while the red circles represent the
frequency values obtained from �tting equation 5.32 to the data before
subtracting the background and with the chirp parameter set equal to zero
and the blue triangles represent the phonon frequency obtained from �t-
ting equation 5.32 to the data after subtraction of a background, and with
the chirp parameter allowed to vary. In (b) the black squares represent
the amplitude values obtained from �tting a Lorentzian to the power spec-
trum while the red circles represent the amplitude values obtained from
�tting equation 5.32 to the data before subtracting the background and
with the chirp parameter set equal to zero and the blue triangles represent
the amplitude values obtained from �tting equation 5.32 to the data af-
ter subtracting the background and allowing the chirp parameter to vary.
In (c) and (d) the black squares represent the phase and relaxation time
values respectively obtained from �tting equation 5.32 to the data before
subtracting the background and with the chirp parameter set equal to zero
while the red circles represent the phase and relaxation time values respec-
tively obtained from �tting equation 5.32 after subtracting the background
and allowing the chirp parameter to vary.
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7.1.4. Dependence of the coherent optical phonon signal

upon pump �uence for the �rst epitaxial

GST/InAs(111) sample

A structural phase transition may occur when a phase change material such as GST is

heated by one or more laser pulses [108, 109, 110]. The e�ect of pump �uence on the

transient ellipticity and re�ectvity signals, and hence upon the COPs within GST/InAs

(111), was studied when the pump and probe polarisations were set 45◦ apart. The

pump beam was applied close to normal to the sample with �xed polarisation of 45◦

while the probe beam was incident at 45◦ to the normal with �xed s-polarisation as

shown in �gure 7.11.

Figure 7.11.: Experimental con�guration for studying the response of the �rst
GST/InAs(111) sample to changing pump �uence

A measurement was made at high pump �uence then immediately repeated at a lower

pump �uence of 0.99 mJ/cm2. The transient ellipticity and re�ectivity signals obtained

from the repeated measurements at the lower pump �uence of 0.99 mJ/cm2 are shown

in �gure 7.12 (a) and (b), while the signals obtained at the higher pump �uence are

shown in �gure 7.13 (a) and (b). Figure 7.12 (c) and (d) and 7.13(c) and (d) show the

power spectra obtained from the ellipticity and re�ectivity signals in the low and elevated

�uence measurements respectively. At low pump �uence, oscillations associated with a

coherent optical phonon, with frequency of about 3 THz, are observed in the ellipticity
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signal but not the re�ectivity signal. The mode with frequency of about 3 THz vanishes

after exposure to a �uence of 2.97 mJ/cm2, while another COP with frequency of about

3.5 THz and larger amplitude appears in both ellipticity and re�ectivity signals .

After exposure to high �uence (measurement pump �uence = 0.99 mJ/cm2)
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Figure 7.12.: The dependence of transient ellipticity and re�ectivity signals obtained from
the �rst GST/InAs (111) sample after exposure to elevated pump �uence
when the pump and probe polarisations were set 45◦ apart. A measurement
was made at high pump �uence then immediately repeated at a lower pump
�uence of 0.99 mJ/cm2. (a) and (b) transient ellipticity and re�ectivity
signals respectively obtained from the repeated measurements at the lower
pump �uence of 0.99 mJ/cm2 (c) and (d) are the power spectra obtained
from (a) and (b) respectively .

The re�ectivity and ellipticity signals obtained from the repeated measurements at the

lower pump �uence in Fig 7.12 (a) and (b) and the re�ectivity and ellipticity signals
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obtained at the higher pump �uence in �gure 7.13 (a) and (b) were �tted by �tting the

raw time domain data to equation 5.32 with the chirp parameter set equal to zero. The

power spectrums in �gure 7.12 (c) and (d) and �gure 7.13 (c) and (d) were �tted to a

using Lorentzian form.

Measured with high pump �uence
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Figure 7.13.: The dependence of transient ellipticity and re�ectivity signals obtained from
the �rst GST/InAs (111) sample at elevated pump �uence when the pump
and probe polarisations were set 45◦ apart. (a) and (b) ellipticity and
transient re�ectivity signals respectively obtained at elevated pump �uence.
(c) and (d) are the power spectra obtained from the transient ellipticity
and re�ectivity signals in (a) and (b) respectively.

Figure 7.14(a) and (f) shows the variation of the phonon frequency obtained from el-

lipticity and re�ectivity signals during repeated scans at low �uence respectively. The
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phonon frequency was determined �rstly by �tting a Lorentzian curve to the peak in the

power spectrum and secondly by �tting equation 5.32 to the time domain signal before

subtracting the background and setting the chirp parameter equal to zero. The variation

of the phonon amplitude obtained from ellipticity and re�ectivity signals during repeated

scans at low �uence extracted by the same �tting methods is plotted in �gure 7.14

(b) and (g) respectively. The amplitudes increase up until an elevated �uence of 2.97

mJ/cm2and then decrease monotonically with increasing pump �uence. The phase of

the oscillations observed in the transient ellipticity and re�ectivity signals during repeated

scans at low �uence are shown in Figure 7.14 (c) and (h) respectively. The phase of

oscillation also varies with increasing pump �uence. The variation of the amplitude and

phase again suggests a change in the structure of the sample with increasing �uence.

Figure 7.14 (d), (e) and (i), (j) show only a small variation of the line width and the

relaxation time once the elevated pump �uence has exceeded 2 mJ/cm2

Figure 7.15 (a) and (f) shows the dependence of the phonon frequency obtained from

ellipticity and re�ectivity signals at elevated pump �uence respectively. The phonon

frequency was determined �rstly by �tting a Lorentzian curve to the peak in the power

spectrum and secondly by �tting equation 5.32 to the time domain signal before sub-

tracting the background and setting the chirp parameter equal to zero. The variation of

the phonon amplitude obtained from ellipticity and re�ectivity signals at elevated pump

�uence extracted by the same �tting methods is plotted in �gure 7.15(b) and (g) re-

spectively. The amplitudes of both signals increased for elevated �uence values up to

4.95 mJ/cm2 before decreasing with further increase of the pump �uence. The phase

of oscillation shows small variations with the pump �uence. Figure 7.15 (d), (e) and

(i), (j) show only a small variation in the line width and the relaxation time with pump

�uence.

At elevated pump �uence the COP frequency observed in ellipticity and re�ectivity signals

is approximetly 3.00 THz as shown in �gure 7.15 (a) and (f). The oscillations obtained

from the repeated scans at low �uence have a longer relaxation time than those obtained

at high �uence. The lower pump �uence and the longer relaxation time mean that

the sample temperature is on average much lower in the time period during which
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oscillations are observed as compared to the measurements made at the elevated �uence.

The extracted average frequency is therefore expected to be higher for the repeated

measurement at low �uence compared to that at elevated �uence. The increase in

frequency observed after increasing the pump �uence suggests that a structural change

has been induced.
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Figure 7.14.: The dependence of (a) and (f) frequency, (b) and (g) amplitude, (c) and
(h) phase, (d) and (i) line width, (e) and (j) relaxation time of the oscilla-
tions observed in ellipticity and transient re�ectivity signals acquired from
repeated scans at a low �uence of 0.99 mJ/cm2 after measurements at
elevated pump �uence are shown for measurements made upon the �rst
GST/InAs (111) sample. The pump beam was at close to normal inci-
dence upon the sample with 45◦ polarisation angle, while the probe was
incident at 45° and s-polarised. In (a) and (f) the black squares represent
the frequency values obtained by �tting a Lorentzian to the power spec-
trum, while the red circles represent the frequency values obtained from
�tting equation 5.32 to the data before subtracting the background and
with the chirp parameter set equal to zero. In (b) and (g) the black squares
represent the phonon amplitude values obtained by �tting a Lorentzian to
the power spectrum, while the red circles represent the phonon amplitude
values obtained from �tting equation 5.32 to the data before subtracting
the background and with the chirp parameter set equal to zero.
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Figure 7.15.: The dependence of (a) and (f) frequency, (b) and (g) amplitude, (c) and (h)
phase, (d) and (i) line width, (e) and (j) relaxation time of the oscillations
upon pump �uence, observed in ellipticity and transient re�ectivity signals
acquired at elevated pump �uence, are shown for measurements made
upon the �rst GST/InAs (111) sample. The pump beam was at close to
normal incidence upon the sample with 45◦ polarisation angle while the
probe was incident at 45◦ and s-polarised. In (a) and (f) the black squares
represent the frequency values obtained by �tting a Lorentzian to the power
spectrum, while the red circles represent the frequency values obtained from
�tting equation 5.32 to the data before subtracting the background and
with the chirp parameter set equal to zero. In (b) and (g) the black squares
represent the phonon amplitude values obtained by �tting a Lorentzian to
the power spectrum, while the red circles represent the phonon amplitude
values obtained from �tting equation 5.32 to the data before subtracting
the background and with the chirp parameter set equal to zero.
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7.1.5. Dependence of the coherent optical phonon signal

upon pump polarisation for the second epitaxial

GST(111) sample

Figure 7.17 (a) shows a typical time resolved transient R signal obtained from the second

GST/InAs(111) structure with s-polarised probe beam and pump beam with polarisation

angle of 45◦ as shown in �gure 7.16.

Figure 7.16.: Experimental con�guration for studying the response of the second
GST/InAs(111) sample to di�erent pump polarization

The initial rise of the signal occurs within about 124 fs and is attributed to the photo-

excitation and thermalization of an electron-hole plasma. Clear oscillations are observed

within the signal. The transient R signals obtained for di�erent pump polarisations are

presented in �gure 7.17 (b). The transient R signal appears to be independent of pump

polarisation except for a small variation of the signal amplitude around zero time delay.

The power spectra obtained from the transient R signals for time delays of 0.1 ps onwards

are shown in �gure 7.17 (c). Figure 7.18 (a) shows the oscillation frequencies obtained

�rstly by �tting a Lorentzian curve to the peak in the power spectrum, and secondly by

�tting the raw time domain data to equation 5.32 with the chirp parameter set equal

to zero. The phonon frequency is determine to be 3.37±0.03 THz for the FFT data

and 3.34±0.03 THz for the raw time domain data with the chirp parameter set equal

to zero. The phonon frequency appears independent of pump polarisation. Figure 7.18
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(b), (c), (d) and (e) show the dependence of amplitude, line width, relaxation time and

phase of oscillation upon pump polarisation. The plots suggest that there is no clear

dependence upon pump polarisation.
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Figure 7.17.: Time resolved R signals obtained from the second GST/InAs (111) sample.
The pump beam was incident nearly normal to the sample while the probe
beam was s-polarised and incident at 45◦. (a) Typical transient R signal,
for 45◦ pump polarisation, plotted on di�erent timescales. (b) Transient
R signals for di�erent pump polarisations. (c) Oscillatory component ob-
tained from the transient R signal for varied pump polariztion. (d) Power
spectra obtained from the transient R signal at varied pump polarisation.
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Figure 7.18.: The dependence of (a) frequency, (b) amplitude, (c) phase, (d) line width,
and (e) relaxation time upon the pump polarisation are shown for R mea-
surements made on the second GST/InAs (111) sample. The pump beam
was incident nearly normal to the sample while the probe beam was incident
at 45◦ and s-polarised. In (a) each black square represents the frequency
value obtained by �tting a Lorentzian to the power spectrum, and the red
circles represent the frequency values obtained by �tting the data to equa-
tion 5.32, with the chirp parameter set equal to zero, before subtracting
the background. In (b) the black circles represent the amplitude values
obtained by �tting a Lorentzian lineshape to the power spectra, while the
red squares represent the amplitude values obtained from �ts to equation
5.32 before subtracting the background. In (c) and (e) the black squares
represent the phase and relaxation time values respectively obtained from
�tting equation 5.32 to the data before subtracting the background and
with the chirp parameter set equal to zero.

Figure 7.19 (a) shows a typical time resolved ellipticity signal obtained from the second

GST/InAs(111) structure with an s-polarised probe beam, pump polarisation of 45◦ and

pump �uence of 1.06 mJ/cm2. A large peak is observed around zero time delay, when

the pump and probe overlap in time, due to the specular optical Kerr e�ect (SOKE).

The SOKE peak has maximum amplitude when the pump and probe polarisations lie
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45◦ apart. The SOKE peak is followed by a heavily damped oscillation, with frequency

that increases gradually with increasing time during the scan, and with a relaxation

time of around 1.75ps. Figure 7.19 (b) shows the ellipticity signals obtained as the

pump polarisation was varied. In Figure 7.19(c) the data is plotted without the initial

peak in order to reveal the oscillatory component more clearly. The black curves were

�tted with the chirp parameter set equal to zero. Figure 7.19(d) shows the oscillatory

component after subtraction of a slowly varying background, with �tted curves for which

the chirp parameter was allowed to vary. The power spectra obtained from the ellipticity

signals are presented in �gure 7.19 (e). The quality of the ellipticity data obtained

from the second GST/InAs (111) sample appears somewhat worse than that obtained

from the �rst sample. Figure 7.20 (a) shows the oscillation frequencies obtained from

�tting a Lorentzian to the peak in the power spectrum, and �tting the time domain

data with and without allowing for chirp. The frequencies obtained by these di�erent

methods are in good agreement. Indeed the frequency appears to be independent of

pump polarisation with a frequency of 3.18 ± 0.03 THz for the FFT data, 3.03 ±

0.06 THz for the raw time domain data with chirp parameter set to zero and 3.06

± 0.17 THz for the raw time domain data with the chirp parameter allowed to vary

which corresponds to the instantaneous frequency at the beginning of the scan. The

instantaneous frequency ω when the oscillations have just damped out, can again be

estimated. Taking the di�erence of the frequency extracted from the power spectrum

ωps and the instantaneous frequency at the beginning of the scan that extracted from

the time domain �tting ωTD, and adding it to the frequency extracted from the power

spectrum ωps (i.e ω = (ωps−ωTD)+ωps), we obtain a frequency of 3.3THz. Figure 7.20

(b) shows the phonon amplitude obtained using each of the three �tting methods. While

there is quite a lot of scatter in the extracted values, the amplitude tends to be large

for values of the pump orientation around 45° and 135°. Also the phase of oscillation,

shown in �gure 7.20 (c), seems to increase by π radians as the pump polarisation passes

through 90◦. These last two observations suggest that the oscillatory response again has

a SOKE-like dependence upon pump polarisation. The dependence of the line width,

relaxation time and chirp upon pump polarisation are shown in �gure 7.20 (d), (e) and
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(f) respectively. The line width and the relaxation time show no clear dependence upon

the pump polarisation. The values of the extracted chirp parameter show a great deal

of scatter, perhaps due to the smaller signal to noise ratio for the present set of data.
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Figure 7.19.: Time resolved ellipticity signals obtained from the second GST/InAs (111)
sample. The pump beam was applied normal to the sample while the probe
beam was s-polarized and incident at 45◦. (a) Typical ellipticity signal
for 45◦ pump polarisation, plotted on di�erent timescales. (b) Ellipticity
signals obtained for di�erent pump polarisations. (c) Expanded view of
ellipticity signals. (d) Oscillatory component of ellipticity signal after sub-
traction of background. (e) Power spectra obtained from the oscillatory
components of the ellipticity signals in (d).
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Figure 7.20.: The dependence of (a) frequency, (b) amplitude, (c) phase, (d) line width,
(e) relaxation time, and (f) chirp parameter upon the pump polarisation are
shown for ellipticity measurements made on the second GST/InAs (111)
sample. The pump beam was at nearly normal incidence to the sample
while the probe beam was incident at 45◦ and s-polarised. In (a) each
black square represents the frequency value obtained by �tting a Lorentzian
to the power spectrum, and the red circles represent the frequency values
obtained by �tting the data to equation 5.32, with the chirp parameter
set equal to zero and before subtracting the background, while the blue
triangles represent the frequency values obtained from �ts to equation
5.32 after subtracting the background and allowing the chirp parameter to
vary. In (b) the black circles represent the amplitude values obtained by
�tting a Lorentzian lineshape to the power spectra, while the red squares
represent the amplitude values obtained from �ts to equation 5.32 before
subtracting the background, while blue triangles represent the amplitude
values obtained from �ts to equation 5.32 after subtracting the background
from the data and allowing the chirp parameter to vary. In (c) and (e) the
black circles represent the phase and relaxation time values respectively
obtained from �tting equation 5.32 to the data before subtracting the
background and with the chirp parameter set equal to zero, while the red
circles represent the phase and relaxation time values obtained from �ts
to equation 5.32 after subtracting the background and allowing the chirp
parameter to vary.
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7.1.6. Dependence of the coherent optical phonon signal

upon sample orientation for the second epitaxial

GST/InAs(111) sample

Time resolved transient R and ellipticity signals were acquired from the second GST/InAs(111)

structure with the pump and probe polarisations set 45◦ apart as the sample was rotated

about its normal through 180◦ in 10◦ steps starting from 0◦. The pump beam was at

near to normal incidence to the sample while the s-polarised probe beam was incident

at 45◦ as shown in �gure 7.21.

Figure 7.21.: Experimental con�guration for studying the dependence of the sample re-
sponse upon orientation of the second GST/InAs(111) sample

The quality of the ellipticity data is poor in this set of measurements as can be seen from

�gure 7.22. The transient R signals acquired simultaneously with the ellipticity data are

shown in �gure 7.23 (a). The power spectra obtained from the transient re�ectivity

signals from 0.1 ps onwards are shown in �gure 7.23 (b). Figure 7.24 (a) shows the

oscillation frequencies obtained �rstly from �tting a Lorentzian curve to each power

spectrum, and secondly by �tting the time domain data with the chirp parameter set

equal to zero. The re�ectivity signal contains an oscillation of frequency 3.32 ± 0.02

THz for FFT data and 3.37± 0.02 THz for the raw time domain data and appears to

be independent of sample orientation. The amplitudes of oscillation obtained from the

two �tting methods are shown in �gure 7.24(b). There is no clear dependence of the

amplitude upon the orientation of the sample. Figure 7.24(c), (d), and (e) show the
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line width, the relaxation time and the phase of oscillation, and again there is no clear

dependence on the orientation of the sample.
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Figure 7.22.: Time resolved ellipticity signals obtained from the second the GST/InAs
(111). The pump beam was applied at near normal incidence while the
probe beam was s-polarized and incident at 45◦. (a) Ellipticity signals for
di�erent sample orientations. (b) Expanded view of ellipticity signals.
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Figure 7.23.: Time resolved transient R signals obtained from the second GST/InAs
(111) sample. The pump beam was at near normal incidence while the
probe beam was s-polarized and incident at 45◦. (a) Transient R signals
for di�erent sample orientations. (b) Oscillatory component obtained from
the transient R signal before subtracting the background. (c) Power spectra
obtained from the transient R signal for di�erent sample orientations.
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Figure 7.24.: The dependence of (a) frequency, (b) amplitude, (c) phase, (d) line width,
and (e) relaxation time upon the pump polarisation are shown for measure-
ments made on the second GST/InAs (111) sample. The pump beam was
incident normal to the sample while the probe beam was incident at 45◦

and s-polarised. In (a) each black square represents the frequency value
obtained by �tting a Lorentzian to the power spectrum, and the red circles
represent the frequency values obtained by �tting the data to equation 5.32
before subtracting the background and before varying the chirp parameter.
In (b) the black circles represent the amplitude values obtained by �tting a
Lorentzian lineshape to the power spectra, while the red squares represent
the amplitude values obtained from �ts to equation 5.32 before subtracting
the background and before varying the chirp parameter.



157

7.1.7. Dependence of the coherent optical phonon signal

upon pump �uence for the second epitaxial GST(111)

sample

The transient R and ellipticity signals obtained from the second GST/InAs(111) samples

at reduced �uence after exposure to elevated pump �uence are shown in �gure 7.26

. The measurements were made with the pump and probe polarisations set 45◦ apart.

The pump beam was applied close to normal to the sample with �xed polarisation of

450 while the probe beam was incident at 45◦ to the normal with �xed s-polarisation as

shown in �gure 7.25. The measurements performed at elevated pump �uence showed

no oscillation and therefore have not been presented.

Figure 7.25.: Experimental con�guration for studying sample response to changing pump
�uence for the seccond GST/InAs(111) sample.

The measurements reveal that there is little change in the transient ellipticity and re-

�ectivity signals due to exposure to elevated pump �uence. This investigation implies

no structural change has occured within the material.
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Figure 7.26.: Transient re�ectivity (a) and ellipticity (b) signals after exposure to elevated
pump �uence. The pump beam was incident normal to the sample while
the probe beam was incident at 45◦ and s-polarised. Measurements were
made at a �uence of 1.08 mJ/cm2.

7.2. Raman spectra of GST/InAs(111) samples

Raman spectra were acquired from the GST/InAs(111) samples using the same Raman

spectroscopy system used to study the InAs(111) wafer. The Raman spectra of the �rst

and the second GST/InAs(111) samples that were grown in the same lab are shown

in �gure 7.27. The Raman spectrum of the �rst GST/InAs(111) sample contains a

broad band between 100 and 200 cm−1 with three di�erent peaks about 122.3cm−1

(3.7 ± 0.001 THz), 139cm−1 (4.2 ± 0.003 THz) and 151.43cm−1 (4.6 ± 0.076 THz).

The additional peak at 216.4cm−1 (6.5 THz) was observed previously for the InAs(111)

sample and attributed to the InAs zone centre TO phonon. The Raman spectrum of the

second GST/InAs(111) sample shows a broad band between 100 and 275 cm−1 again

with three peaks at about 116.17cm−1 (3.4 ± 0.007 THz), 144.8cm−1 (4.3 ± 0.020

THz) and 185.57cm−1 (5.6 ± 0.26 THz). However the TO phonon of the InAs substrate

is not observed. From the Raman spectra of the two GST/InAs (111) samples we can

say that at least three peaks appear to be associated with the GST in each sample. The

�rst two peaks are identical placed, while the third one appeared at di�erent frequencies

for both samples.
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Figure 7.27.: The multipeak �tting of the Raman spectra of the GST/InAs(111) samples

The Raman spectra of both GST/InAs(111) samples are similar to those found in the lit-

erature [111, 112, 113, 81, 114, 115, 106]. The results can be compared and contrasted

with those obtained previously for GST �lms of (100) orientation [106]. In that study two

optical phonons were observed, one at 3.4 THz and the other at 4.5 THz. One possibility

of the appearance of the third peaks at 4.6 and 5.6 THz in the two GST/InAs(111) sam-

ples is due to orientational dependence of the epitaxial growth, and the di�erence in the

frequency is possibly due to microscopic structural di�erences such as the temperature

and growth conditions. The lowest frequency mode in each GST/InAs(111) sample was

also observed in the pump-probe measurements as explained above, while the next two

phonon modes, in terms of increasing frequency, did not appear, most likely because

they are not observable on grounds of symmetry as discussed in the theory of TSRS

that was presented previously. The �rst mode that observed in Raman measurements

was attributed to the vibration of the heteropolar bond in the tetrahedral GeTe4 and/or

pyramidal SbTe3 and the second mode was attributed to Sb-Sb vibrations [111, 112].
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7.3. Discussion

As explained before, GST crystallizes into a metastable rock salt-like structure with Te

atoms occupying the anion sites. The cation sites are occupied by Ge, Sb and vacancies.

The ideal rock-salt structure has a centre of inversion symmetry and its point group

is Oh with �ve irreducible representations denoted as 2A, E and 2T [107]. Rocksalt

structure only has T2 optical phonon at the zone center but not Raman active [6, 107].

Table (7.1) compares the phonon frequencies extracted from the two GST/InAs(111)

samples. These include the frequencies obtained from R and ellipticity signals as the

pump polarisation, sample orientation and pump �uence were varied, as well as those

obtained from Raman measurements. Furthermore the table shows the frequencies ex-

tracted from the pump-probe measurements by four di�erent methods. The �rst fre-

quency corresponds to the centre of the peak observed in the power spectrum obtained

from the FFT of the time domain data. The second frequency was obtained by �tting

the raw time domain data to equation 5.20 with the chirp parameter set equal to zero.

This should yield the average frequency of oscillation and thus be comparable to the

value obtained from the FFT. The third value is obtained by �tting to equation 5.20

with the chirp as a variable parameter. In light of the form of equation 5.20, this ef-

fectively reports the instantaneous frequency at the beginning of the scan, immediately

after excitation by the pump. Finally, based upon the chirped �tting an extrapolated

frequency value is stated that corresponds to the frequency at the end of the oscillation

ω that is equal to adding the di�erence between the instantaneous frequency at the be-

ginning of the scan that extracted from the time domain �tting ωTD and the frequency

extracted from the FFT ωpsto the value of the frequency extracted from the FFT ωps

(i.e ω = (ωps − ωTD) + ωps) which is approximately equal to 3.4THz.

Let us consider the di�erences that exist between the di�erent frequencies shown in

Table 7.1. For the �rst GST/InAs(111) sample the frequency values extracted from the

ellipticity signals are somewhat lower in measurements in which the pump polarisation

was varied as compared to those in which the sample orientation was varied. This

di�erence in frequency may result from a di�erence in the accuracy with which the
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pump and probe spots were focused and overlapped leading to a di�erence in the pump

�uence at the position of the probe spot. The alignment is expected to be worse for the

measurements in which the sample is rotated because it is di�cult to guarantee that the

spots are incident upon the centre of rotation and there is a small but �nite wobble in

the rotation of the sample stage. This would in turn lead to a di�erence in the maximum

transient temperature experienced by the sample in each case. A higher temperature

in the pump polarisation experiments would lead to greater softening of the lattice and

hence a lower frequency as observed.

For the second sample, the frequencies obtained from simultaneous R and ellipticity mea-

surements are di�erent by more than the error values reported by the �tting algorithm.

The most likely explanation is that the oscillations in the R and ellipticity measurements

sit upon di�erent backgrounds that vary rapidly with time at short time delays where the

oscillation amplitude is largest and has greatest e�ect upon the �tted frequency. It is

di�cult to remove this background and so it is likely to skew the �tted values somewhat.

The chirp also appears to be smaller for ellipticity signals obtained from the second

sample compared to those obtained from the �rst sample. This may be because the

signal to noise ratio was inferior for the second sample. In fact the phonon frequencies

extracted for the second sample are consistently higher by 0.1 -0.2 THz compared to

those extracted for the �rst sample, and oscillations were observed in the R signal from

the second sample but not the �rst . These facts point to structural di�erences between

the two samples.

The frequencies of the lowest lying modes in the Raman measurements were 3.7 THz

for the �rst sample and 3.4THz for the second sample. Both values are larger than

those extracted from the pump-probe measurements. This is probably because the

pump-probe measurements are made at a higher temperature due to the heating by the

pump, which causes softening of the lattice and a reduction of phonon frequency. The

pump-probe measurements also yielded a higher frequency for the second sample than

for the �rst sample in contrast to the Raman measurements. We note that these modes

lie close to the edge of a high-pass �lter designed to block elastically scattered light

within the Raman measurements. Therefore it is possible that the �lter introduces some
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asymmetry into the shape of the lowest lying mode and hence also a small shift in its

apparent frequency. The �tting of the Raman data is also complicated by the presence of

multiple modes and the need to subtract a background from the raw data. The Raman

measurements reveal additional modes at around 4.2 and 4.6 THz for the �rst sample

and around 4.3 and 5.6 THz for the second sample that were not observed in pump-probe

measurements. This is not surprising since, as discussed previously, the selection rules

for the pump-probe and Raman measurements are expected to be di�erent .

Based on the (TSRS) theory the appearance of a mode with 3.4 THz frequency in

both transient R and AR (ellipticity) signals for one of the samples suggests a three-

dimensional T2 -like mode of the GST/InAs (111) structure. The ordering of vacancies

within the GST and the displacement of ions from their positions in the ideal rock-salt

structure may remove the inversion symmetry, allowing �rst order Raman scattering and

also excitation of COPs by TSRS. In this case the GST/InAs(111) structure is a rock-salt

like structure and has a T2 -like phonon mode.

A phonon with frequency of 3.4 THz has been observed in the R signal in previous

studies of amorphous and polycrystalline GST [77, 116] and assigned A1g character.

The (TSRS) theory predicts that in pump-probe experiments performed on either the

(111) and (001) surface of a cubic structure, A and E type phonons can be observed

only in the R signal, but not in the AR signal, and without any dependence on pump or

probe polarizations.

TSRS theory was successfully applied in a previous study of GST/GaSb(001) [12]. Two

optical phonons were observed in the AR signal: a mode at 3.4 THz belonging to the

GST layer and another mode at 6.7 THz belonging to the GaSb substrate. From table

3.1, the theory predicts that, for the (001) surface of zincblende or rocksalt, only the

A and E modes should be observed in the R signal, with no dependence upon pump

and probe polarization. Only the T2z mode should be observed in the AR signal with

amplitude proportional to sin(2θ) cos(2φ), where θ and φ are de�ned relative to an in-

plane cube edge. A long lived oscillation exhibiting this angular dependence was indeed

observed and attributed to a T2z � like mode of the defective GST structure. For InAs

(111), where we always excite a superposition of T2x, T2y, and T2z modes, long lived
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oscillations are observed. However, for the GST/InAs(111) samples, the oscillations are

heavily damped and strongly chirped, so that the frequency increases with time. The

heavy damping may occur because GST has a defective structure in which the degeneracy

of the T2x, T2y, and T2z modes is lifted. Since the pump excites a superposition of these

T2x, T2y, and T2z phonons, any splitting of their frequencies will lead to dephasing within

the measured signals i.e. after a few periods of oscillation the three modes will begin to

interfere with each other destructively, giving the appearance of an enhanced damping.

The observation of a 3.4 THz mode in the R and AR signals for GST/InAs (111) samples

points to a T2-like character. The amplitude of the mode extracted from the R signal

exhibits no dependence upon the pump polarisation, just as the TSRS predicts for a

superposition of T2� like modes. However the amplitude of the mode extracted from

the AR signal has a strong dependence upon the pump and probe polarisation, which

is similar to that expected for the SOKE, but which is again fully consistent with the

predictions of the TSRS theory. The amplitude of the T2 -like mode is almost zero when

the polarisations of the pump and probe are parallel or perpendicular, suggesting that the

SSC mechanism does not contribute to the mode excitation. The absorption coe�cient

for 800nm beam for metastable GST is around 108m−1 as in �gure 4.3. As a result, for

GST sample with thickness of 20 and 22 nm the intensity of the incident light at the

substrate (InAs) is less by approximately 90% to the intensity of the incident light at

GST sample. That leads to low phonon amplitude for the InAs sample which is di�cult

to detect by low intensity probe beam.

Exposure of the �rst GST/InAs (111) to high pump �uence resulted in changes in

the frequency and the amplitude of the observed phonon, suggesting that a structural

change had appeared within the GST structure, particularly since similar changes were

not observed for the InAs(111) sample .
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Table 7.1.: Comparison between pump-probe and Raman frequencies (in THz) obtained
from two GST/InAs(111) samples
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7.4. Summary

Time resolved transient re�ectivity and ellipticity response on pump, probe, and sample

orientations are performed on two epitaxial GST/InAs(111) samples. Clear oscillations

of frequency of 3.4 THz are observed in the ellipticity signals obtained from the �rst

and the second samples and are observed only in the re�ectivity signal of the second

GST/InAs(111) sample. According to TSRS theory, the appearance of a mode with 3.4

THz in both re�ectivity and ellipticity signals for one sample suggests a three-dimensional

T2-like mode of the GST/InAs (111) structure. The insensitivity of the phonon amplitude

obtained from the re�ectivity signal to the pump polarisation and sinusoidal dependence

of the phonon amplitude obtained from the ellipticity signals upon the pump polarisa-

tion that similar to the SOKE dependence on pump and probe polarisation suggest the

excitation of the T2-like mode by ISRS mechanism without any contributions from SSC

mechanism.

The oscillations observed in the GST/InAs (111) samples are heavily damped and

strongly chirped. The reason behind that is due to excite a superposition of T2x, T2y, and T2z

phonons, and degeneracy of the three phonons due to some structural distortion, then

the dephasing of modes of similar but di�erent frequency may leads to decreasing in the

phonon amplitude.

Raman spectra performed on GST/InAs (111) samples reveal the optical phonon that are

observed in pump-probe measurements in addition two other optical phonon modes that

were not observed in pump-probe measurements. The change in the phonon amplitude

and the phase after exposure the �rst GST/InAs (111) to elevated pump �uence implies

that a structural change took place.





8. Summary and Future Work

8.1. Summary

Phase change materials such as Ge2Sb2Te5 (GST) possess interesting properties that

make them ideally suited for technological applications such as optical storage and phase

change random access memory. They switch between amorphous and crystalline phases

rapidly when excited by light or electric current. Improved understanding of the mi-

croscopic dynamics of phase change materials is critical for the further development of

applications. In this dissertation, I studied coherent optical phonons within epitaxial

GST/InAs(111) samples and reference InAs(111) substrates, by ultrafast optical pump-

probe measurements, paying particular attention to the mechanisms by which the co-

herent phonons are excited. The properties of the coherent optical phonons and their

excitation mechanisms have been analysed by applying microscopic and macroscopic Ra-

man theories as well as a theory of transient stimulated Raman scattering (TSRS) based

upon use of the Raman tensor.

One way of investigating these optical phonons is to use an optical pump-probe technique

designed to detect changes in the re�ectivity and ellipticity of the re�ected probe beam

with femtosecond resolution. The dynamic response includes information about the

sample structure and the phase transition process within the phase change materials.

Time resolved pump-probe measurements of an InAs(111) wafer and two GST/InAs(111)

samples were presented in chapters 6 and 7 respectively. The ellipticity response of all

three samples shows a clear peak due to the specular optical e�ect (SOKE) peak at

zero time delay, with amplitude depending on the relative polarisation of pump and

probe beams. The SOKE peak is observed to have maximum amplitude when the pump

167



168

and probe polarisation are set 45◦ apart; and zero amplitude when they are set par-

allel or perpendicular to each other. The SOKE peak provides information about the

rate of relaxation of the electron momentum. The SOKE peak is accompanied by long

lived oscillations for the InAs(111) wafer and heavily damped oscillations for the two

GST/InAs(111) samples, in each case superimposed on a relaxation background. The

long-lived oscillation for the InAs (111) wafer corresponds to a coherent optical phonon

with frequency of 6.5 THz, while the heavily damped oscillations observed for the two

GST/InAs(111) samples correspond to coherent optical phonons with frequencies in the

range of 2.9-3.4 THz. The frequencies of the optical phonons extracted from the ellip-

ticity response are insensitive to the pump polarisation and the sample orientation. On

the other hand, the amplitudes show a SOKE-like dependence upon the pump polarisa-

tion but are found to be insensitive to the sample orientation. The transient re�ectivity

response was measured simultaneously with the ellipticity response and was found to

give a clear oscillation with frequency of 3.4 THz for only the second GST/InAs (111)

sample, and no clear oscillations for the �rst GST/InAs(111) and InAs(111) samples.

The frequency and amplitude of the optical phonon mode of the second GST/InAs(111)

sample extracted from the re�ectivity signal were found to be insensitive to the relative

polarisation of the pump and probe beams and to rotation of the sample about it is

normal. The phonon frequency extracted from the ellipticity signals was slightly higher

for the second GST/InAs(111) sample than for the �rst sample which may attributed to

structural di�erences between the two GST/InAs(111) samples.

The behaviour of the optical phonons modes extracted from the ellipticity and re�ectivity

response was interpreted by understanding the Raman tensor and phonon representa-

tions of the zinc blend and rock-salt structures within the framework of TSRS theory.

The point group of InAs is Td while that of NaCl is Oh, and both have irreducible

representations denoted as A1, A2, E, T1and T2 . Both structures have a three dimen-

sional optical phonon mode denoted as T2. This optical T2 mode is Raman active in

zinc blend and Raman inactive in rock-salt. TSRS theory based on the Raman tensor

describes the observation of A, E, and T phonon modes and their dependence on pump

and probe polarisation. The TSRS theory predicts that, for a (111) surface of a cubic
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crystal, one dimensional A and two dimensional E phonon modes can be observed in the

re�ectivity signal without any dependence on pump and probe polarisation. However,

a three dimensional T2 phonon mode can be observed in both re�ectivity and ellipticity

signals with amplitude that has a sin(2(θ− φ)) dependence upon the orientation of the

pump electric �eld, θ and probe electric �eld, φ within the plane of the sample. The

experiments show that the phonon amplitude, extracted from ellipticity signals of the

InAs(111) wafer and both GST/InAs(111) samples, has a sin(2(θ − φ)) dependence

on the pump and probe polarisation. This behaviour is characteristic of the specular

optical Kerr e�ect (SOKE) but in fact con�rms that the coherent optical phonons in

InAs(111) and GST/InAs (111) are excited by an impulsive stimulated Raman scattering

mechanism (ISRS). The TSRS theory con�rms that the 6.5 THz optical phonon mode

in InAs(111) is a three dimensional T2 phonon mode, and suggests that the 3.4 THz

optical phonon observed in the transient ellipticity signals of the two epitaxial GST/InAs

(111) samples, and only in the re�ectivity signal of the second epitaxial GST/InAs(111)

sample, is also a three dimensional T2 -like phonon mode. GST has a rock-salt like

structure with approximately 20% vacancies at the Ge and Sb sites. The existence of

vacancies and the displacement of ions from their positions in the rock salt structure

leads to a lack of inversion symmetry, causing the :3.4 THz coherent optical phonon

to become Raman active with underlying three dimensional, T2 �like character. The

observation of the T2 -like phonon mode con�rms that the underlying crystallographic

structure of GST is essentially cubic.

The oscillations observed in the GST/InAs (111) samples are heavily damped and

strongly chirped, so that the frequency increases with time. The TSRS theory pre-

dicts that, for a (111) plane of a cubic system, the T2x, T2y, and T2z modes can be

observed in both re�ectivity and anisotropic re�ectivity signals. If we excite a super-

position of T2x, T2y, and T2z phonons, and if the degeneracy of the three phonons is

lifted by some structural distortion, then the dephasing of modes of similar but di�erent

frequency may have the appearance of an enhanced damping.

Based on calculations of Raman selection rules for normal incidence backscattering from

the (111) plane of the zinc blend structure, transverse and longitudinal optical phonons
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should be observed in the InAs(111) sample. Raman measurements performed on InAs

(111) agree with the calculations and reveal that it is the transverse optical phonon that

is observed in pump-probe measurements. The Raman measurements also reveal other

longitudinal and surface optical phonons that were not observed in pump-probe measure-

ments. Raman spectra obtained from the GST/InAs (111) samples reveal the optical

phonon that is observed in pump-probe measurements in addition to two other optical

phonon modes that were not observed in pump-probe measurements. There is a small

di�erence in the phonon frequency observed in Raman and pump-probe measurements

that is attributed to the di�erence in the sample temperature during the measurements.

The two additional phonon modes observed in the Raman measurement did not appear

in the pump-probe measurements, most likely because of the di�erent selection rules

applying to each type of measurement.

The dependence of the ellipticity and re�ectivity response upon elevated pump �uence

was studied for both the InAs(111) wafer and the two epitaxial GST/InAs(111) samples.

A measurement was made at high pump �uence then immediately repeated for the same

sample position at lower pump �uence. The amplitude and phase of the 6.5 THz optical

phonon of the InAs (111) wafer was found to be una�ected by increasing the pump

�uence, which implies that no structural change took place. However the 3.4 THz

optical phonon of the �rst epitaxial GST/InAs (111) sample was observed to shift to

higher frequency. In addition, a variation in the phonon amplitude and phase took place

with increasing pump �uence that suggests a change in the sample structure. For the

second epitaxial GST/InAs (111) sample, the measurements revealed little change in the

transient ellipticity and re�ectivity signals due to exposure to elevated pump �uence. This

suggests that no structural change occurred within the second sample. The di�erences

observed between the �rst and second samples may be due to di�erences in the thermal

conductance of the two sample structures.
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8.2. Future Work

Time resolved ellipticity and re�ectivity were measured for two epitaxial GST/InAs(111)

samples. To the best of our knowledge, this is the �rst time that a three dimensional

optical phonon mode of GST has been excited by the ISRS mechanism. A previous

study of the coherent optical phonons of GST/GaSb(001) concluded that the phonon

amplitude was insensitive to the pump polarisation, which suggested that the T2-like

phonon mode was excited by a surface space charge. To obtain a clearer picture of

the phonon excitation mechanism, more experiments could be performed to study the

coherent optical phonons of epitaxial GST grown with a di�erent orientation e.g. (110).

We studied how the transient ellipticity of two GST/InAs(111) samples depends upon

exposure to increased pump �uence. Only the �rst sample showed an irreversible change

in phonon frequency and amplitude, which suggested that a structural change had taken

place. At the same time, Raman measurements revealed a di�erence in the phonon

frequencies exhibited by the two samples, and in particular we observed a phonon mode

associated with the InAs substrate in the spectrum of the �rst GST/InAs(111) only.

Taken together these observations suggest a strong sensitivity of the phonon spectra to

the details of the sample stack, which might in�uence the observability of certain modes

and also the thermal conductance that plays a key role in mediating pump-induced

structural changes. It would therefore be very interesting to study more GST/InAs(111)

structures in which the thicknesses of an InAs epilayer, the GST layer and an additional

capping layer are varied in a systematic manner.

We also observed that there was a di�erence in the phonon frequencies extracted from

Raman measurements relative to those extracted from pump-probe measurements for

the GST/InAs(111) samples, presumably due to the di�erent sample temperature during

each type of measurement. It would therefore be useful to study the phonon frequency

in pump-probe experiments at lower pump �uence (less than 1mJ/cm2) so as to make

more direct comparison with Raman measurements. In addition more observations of the

phonon amplitude at smaller and larger pump �uence are needed to understand whether

or not the phonon amplitude depends linearly upon the pump �uence, and whether larger
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amplitudes can lead to a phase transition.

Raman spectra obtained from InAs(111) and GST/InAs(111) samples revealed three

di�erent optical phonons for each sample while the pump-probe measurements observed

just one phonon mode for each sample. The reasons for the di�erent selection rules

for the two measurement techniques are not clear, and therefore a more detailed TSRS

theory is needed that distinguishes between TO and LO modes.

In our pump-probe measurement, we suggested that the phonon oscillations were heavily

damped due to structural distortion of the GST that lifted the degeneracy of the three

T2x, T2y, and T2z excited phonons. To obtain a clear understanding of this point, more

measurements of the phonon properties of epitaxial GST grown with the same (111)

orientation, but on di�erent substrates with a di�erent degree of lattice mis-match, are

needed.



A. Appendix

Symmetry operations and Group theory:

Symmetry is when a shape looks exactly the same after being inverted, re�ected or

rotated.

Symmetry operations and symmetry elements:

A symmetry operation is an operation that leaves an object in a con�guration that is

indistinguishable from its original con�guration.

Each symmetry operation has a corresponding symmetry element which is a point, axes,

line or plane. The symmetry element contains all the points that do not change their

position as the symmetry operation is carried out.

The molecular symmetry operations of molecules:

1- E- The identity: it means doing nothing, and every molecule has at least this opera-

tion.

2- Cn- an n fold axis of rotation: rotating the molecule by 2π
n
radians leaves it unchanged,

where n is an integer. Some molecules have more than one axis of rotational symmetry.

The axis with the highest value of n is called the principle axis.

3- σ- a plane of symmetry: re�ection in the plane leaves the molecule looking the same.

4- i- a centre of symmetry: inversion through the centre of symmetry leaves the molecule

unchanged.

5- Sn- an n fold improper axis (rotary � re�ection axis): it involves rotating the molecule

through 2π
n

radian about the axis, followed by re�ection in a plane perpendicular to the

axis.

173



174

Symmetry classi�cation of molecular- point groups:

Point groups are a means of classifying molecules according to their symmetry elements.

They are called point groups because there is at least on point in the space that remains

unchanged under the applied symmetry operations.

Table (A) shows the molecular point groups:

Point groups Characteristic symmetry elements

Cn Involves the identity E and an n-fold of axis of rotation

Ci Involves the identity and a centre of inversion i

Cs Involves the identity E and a plane of re�ection

Cnv Involves the identity E, an n-fold axis of rotation and n vertical mirror planes σv

Cnh Involves the identity E, an n-fold axis of rotation and n horizontal mirror planes

σh

Dn Involves the identity E, an n-fold axis of rotation and n 2-fold rotations

about axes perpendicular to the principal axis.

Dnh Involves the same symmetry elements as Dnwith the addition of a horizontal

mirror plane

Dnd Involves the same symmetry elements as Dnwith the addition of n dihedral mirror

planes

Sn Involves the identity and one Sn

Td Involves all the symmetry elements of a regular tetrahedron including the identity,

4C3 axes, 3C2 axes, 6 dihedral mirror planes and 3S4axes

T Involves the same symmetry elements as Td except planes of re�ection

Th Involves the same symmetry elements as T and in addition to contains a centre of

inversion

Oh The group of the regular octahedron

O As for Oh but with no planes of re�ection

Table A.1.: Molecular point groups

The transformation matrix:

The transformation matrix is the matrix which used to map one set of coordinates or

functions to another. Accordingly the transformation matrix can represent the e�ect of

a symmetry operation such as a rotation on coordination system (x,y,z). For example

the axes x,y and z are transformed to x8,y8 and z8 with x8 = x, y8 = z and z8 = −y

under four-fold rotation about the x axis. The transformation can be represented by the

matrix M as
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M =


1 0 0

0 0 1

0 −1 0

.

In the group theory, the transformation matrix is used to perform the symmetry oper-

ations of the molecules. The transformation matrix that used to perform the identity,

re�ection and rotation operations on a vector (x,y) are:

1- The identity operation:

The identity operation leaves the vector unchanged, and the appropriate matrix is the

identity matrix

(x, y)

 1 0

0 1

 = (x, y)

2- Re�ection operation:

For example a rotation of the (x, y) vector about the x axis, i.e y transforms −y.

(x, y)

 1 0

0 −1

 = (x,−y)

3- Rotation operation:

In two dimensions, the transformation matrix that represents a rotation by an angle θ

about the origin is

R (θ) =

 cos θ − sin θ

sin θ cos θ


In three dimensions, the transformation matrices that represent a rotation around the x,

y and z axes are:
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Figure A.1.: The basis set and the symmetry operations of the C3v point group of the
ammonia molecule

Rx (θ) =


1 0 0

0 cos θ − sin θ

0 sin θ cos θ

 Ry (θ) =


cos θ 0 − sin θ

0 1 0

sin θ 0 cos θ

 Rx (θ) =


cos θ − sin θ 0

sin θ cos θ 0

0 0 1



Matrix representations of groups

All the symmetry operations in a point group can be represented by a set of transfor-

mation matrices Γ(g) with one matrix for each symmetry element of the group g. Each

individual matrix is called a representative of the corresponding symmetry operation and

the complete set of matrices is called a matrix representation of the group. The ma-

trix representatives act on some chosen set of basis functions, and the actual matrices

making up a given representation will depend on the basis that has been chosen. For

more clari�cation we will give an example that shows how we can construct the matrix

representation of a molecule.

Consider the matrix representation of the C3v point group e.g for the molecule NH3:

First of all, we need to choose the basis (SN ,S1,S2,S3 ) which comprise of the valance s

orbitals on the nitrogen atom and three hydrogen atoms. Figure (A.1) shows the basis

set and the symmetry operations of the C3v point group.

The matrices that represent the symmetry operations performed on the chosen basis are:
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Γ(E) (SN , S1, S2, S3)



1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1


= (SN , S1, S2, S3)

Γ(C+
3 ) (SN , S1, S2, S3)



1 0 0 0

0 0 0 1

0 1 0 0

0 0 1 0


= (SN , S2, S3, S1)

Γ(C−3 ) (SN , S1, S2, S3)



1 0 0 0

0 0 1 0

0 0 0 1

0 1 0 0


= (SN , S3, S1, S2)

Γ(σv) (SN , S1, S2, S3)



1 0 0 0

0 1 0 0

0 0 0 1

0 0 1 0


= (SN , S1, S3, S2)

Γ(σv8) (SN , S1, S2, S3)



1 0 0 0

0 0 1 0

0 1 0 0

0 0 0 1


= (SN , S1, S2, S3)

Γ(σv88) (SN , S1, S2, S3)



1 0 0 0

0 0 0 1

0 0 1 0

0 1 0 0


(SN , S3, S2, S1)

Each matrix is representative and together they form the representation of the C3v point

group in the (SN , S1, S2, S3) basis.
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Reducible and irreducible representations:

In the last example all the matrices took the same block diagonal form. A square matrix

is said to be block diagonal when its diagonal elements contains square matrix and the

o� diagonal elements are zero.

Γ(E)

1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1



Γ(C+
3 )

1 0 0 0

0 0 1 0

0 0 0 1

0 1 0 0



Γ(C−3 )

1 0 0 0

0 0 0 1

0 1 0 0

0 0 1 0



Γ(σv)

1 0 0 0

0 1 0 0

0 0 0 1

0 0 1 0



Γ(σrv )

1 0 0 0

0 0 1 0

0 1 0 0

0 0 0 1



Γ(σrr
v )

1 0 0 0

0 0 0 1

0 0 1 0

0 1 0 0


Each matrix from these six matrices may be reduced to two matrices with di�erent dimen-

sions. The �rst matrix forms a one-dimensional representation Γ1(g) with (SN) and the

second one forms a three-dimensional representation Γ3(g) with the basis (S1, S2, S3).

Separation of the original representation into representations of lower dimensionality is

called reduction of the representation.

To reduce the representation to a lower dimension, its representatives must all have the

same block diagonal form. The three dimensional representation Γ3(g) is not in the

block diagonal form, therefore the representation is not reducible and so is called an

irreducible representation.

The irreducible representations of a point group are labeled according to their symmetry

species as follows:

1- 1 dimensional representations are labeled A if they are symmetric (character +1) orB

if they are antisymmetric (character �1) under rotation about the principal axis.

2- 2 dimensional representations are labeled E
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3- 3 dimensional representations are labelled T .

4- In groups containing a centre of inversion, g (garade, symmetric) and u (ungarade, an-

tisymmetric) labels denote the character of the irreducible representation under inversion

(+1 for g, -1 for u)

5- In groups with a horizontal mirror plane but no centre of inversion, the irreducible

representation are given prime and double prime labels to denote whether they are sym-

metric (character +1) or antisymmetric (character �1) under re�ection in the plane.

6- If further distinction between irreducible representation is required, subscripts 1 and

2 are used to denote the character with respect to a C2 rotation perpendicular to the

principal axis, or with respect to a vertical re�ection if there are no C2 rotations [117,

118, 119].
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