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Abstract

The dynamics of phonons and electrons can be directly studied by femtosecond
time-resolved reflectance spectroscopy. Phonons are excited coherently in solids by
irradiation of femtosecond laser pulses, whose duration much shorter than the period of
the atomic vibration (coherent phonon). Here, | apply this technique for the topological
insulators, which behave as a semiconductor in the bulk and metal-like conductivity on
its edge and surface. The dynamics of photoexcited electrons and phonons in
topological insulators would be closely related with intrinsic features for electronic
applications. However, the quantitatively measurements of them is still lacking.

In this dissertation, following results consist of two parts: phonon dynamics and
carrier dynamics. First, | observed all the Raman active optical phonons (Eg, Egz, Asg',
and Algz) in topological insulators (Sb,Tes, Bi,Tes and Bi,Ses) using femtosecond
time-resolved near-infrared (IR) reflectivity measurements. Amplitude of these coherent
phonons strongly depends on polarization of an excitation pulse, and | clarified their
lifetimes. Secondly, the dynamics of photoexcited topological insulators p-type Sh,Te;
has been studied using the time-resolved mid-IR reflectivity measurements. It was
found that the photoexcited relaxation process is as follows: electrons were excited in
the bulk-conduction band and generate coherent phonons (< 1 ps). These coherent
phonons relax to the equilibrium state within 4 ps. In addition, electrons on the surface
(Dirac Fermions) are supplied from the bulk-valence band because of the generated
holes in the bulk-valence band via auger electron transition (< 1 ps). Thereafter, the
excited electrons go back to the bulk-valence band within 10 ps via recombination of
holes with electrons relaxed through a Dirac cone surface state. The faster relaxation
time (t = 3.3 ps) implies a characteristic of topological insulator having a Dirac cone

surface state, like similarly to a graphene.
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Chapterl.
General introduction

It has been urgently required to investigate and control the faster and the
smaller-scaled phenomena as the internet grows faster and the information we deal with
gets denser. In order to accomplish these requirements, it is necessary to attain the size
of sub-nanometer and the time scale of femtosecond. Usually, we can photographically
observe the image of atomic configuration by applying scanning electron microscope
(SEM), scanning probe microscope (SPM), and tunneling electron microscope (TEM).
The additional requirement is that how we can do the same for atomic and electric
motions. Measuring the time scale of femtosecond is one of the milestones since it is the
time scale of the fastest atomic motions i.e. phonon vibration, these transitions or
chemical reactions. Monitoring fastest electrons and atoms dynamics requires the
time-resolution of less than a few picoseconds. The current electric devices are not fast
enough to detect these ultrafast phenomena. The sets of the current electric devices such
as photo multiplier tube, streak camera, and multichannel reproduction photodiode
enable us to study on relatively slow photoexcited molecular transition and electric
transition in chemical reaction process with ~10 ps time-resolution. This problem can be
solved by using the femtosecond pulse laser as a replacement. The principle is almost
the same as strobe camera, and this technique is exploited to femtosecond time-domain
spectroscopy.

In this study, | worked on ultrafast time-domain spectroscopy of the
chalcogenide compounds (Bi,Tes Sbh,Te; and Bi,Ses). Such chalcogenide compounds
are known as the highest figure-of-merit coefficient ZT = 1 among bulk thermoelectric

materials™® and phase-change materials for data-storage applications!”. Recently, they



have also been known as topological insulators®® which are characterization of
photoexcited electron- and phonon- dynamics in the material. The unique properties of
the topological insulators can be used for some electronic device applications.

1.1 Ultrafast phenomena

Time acts as a benchmark for indicating the continued existence of materials and
rate of changes, and deeply involved in the biological, chemical, and physical systems.
It was in 1989 when | was just born, Ramsey, the American physicist, was awarded
Nobel Prize in Physics for his invention of an extremely accurate atom clock by using
the resonance frequency of cesium atoms™®. In natural sciences, time is an
indispensable parameter. Figure 1-1 shows a time scale of natural phenomena and
device responsiveness around us; for example, a heartbeat ~1 second (s), a blink of an
eye ~150 milliseconds (1 ms = 10°s), a shutter speed of camera ~2 microseconds (1
us = 10°s), throughput of general computer for nanoseconds (1 ns = 10 s) order, and
so on. Subsequently, there are faster phenomena with timescale of picoseconds (1 ps =
10" 5) to attoseconds (1 as = 10™®s), which are called ‘Ultrafast phenomena’. The
timescale of picoseconds is lattice-vibrational period (e.g., to move the position of
atoms in the ammonia molecule ~21 pst™). The femtoseconds (1 fs = 10™° s) is the
vibration time as the strontium atom, chemical reactions occur, and light travels a
distance of about 300 nm. It is peculiarly interesting for us to elucidate the ultrafast
phenomena of ps to fs time region, which might bring us an innovation and
advancement in various research fields in the future. The attosecond is the half-life of
the n-meson™!), and light travels a distance of about 0.3 nm. We can see the objects
with our eyes like a camera, so that a light is an essential tool to observe everything.
Similarly, a method of spectroscopy is the field of interaction between light and
materials to investigate molecular vibrations, electric band structures, phase transitions

and so on.
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Fig. 1-1 Typical time-scales of phenomena around us.

1.2  Time-domain spectroscopy

Materials around us are composed of atoms and electrons, which move with
velocities of 1/1000 to 1/100 the speed of light. Chemical reactions occur at time scale
of 10 t0100 fs as forming or breaking chemical bonds between atoms™. In order to
investigate the ultrafast phenomena such as photoexcied electronic state, electronic
structure, relaxation process and lattice vibration at time scale less than a few
picoseconds, we need some ultrafast observation techniques. The presently electric
devices (photodetectors: photomultiplier tube, streak camera, multichannel reproduction
photodiode) are not fast enough to be used to observe these ultrafast phenomena,
because the time resolution of the electric device is limited ~10 ps order. Ahmed Zewalil,
the American scientist, has been observing intramolecular vibrational processes of
molecules by using a molecular beam and a picoseconds or femtosecond laser since
1979124 |n 1999, he was awarded Novel Prize in Chemistry for his studies of the
transition states of chemical reactions by using femtosecond spectroscopy™®. He
revealed the uni-molecular reaction by using the iodine cyanide molecule, dissociates
into iodine (1) and cyanide (CN): ICN— I+ CN. In order to monitor the ultrafast
time-behavior like a chemical reaction, it was a vital point to prepare an ultrafast shutter
for observing targets that is an ultrashort pulse laser. The laser has some profitable
characters; coherent light with high irradiance, monochromic, and convergent. They are

applied to electronic devices, optical communications, metallic processing, medical care,



and ultrafast spectroscopy.

A pump-probe technique is the most commonly used technique in femtosecond
time-resolved spectroscopy. This technique generally uses two optical pulses. The
output pulses derived from laser is divided into two pulses; one is used to excite
electrons in the materials (pump pulse), and the other pulse (probe pulse) is used to
detect the changes induced by the pump pulse. The power of the probe pulse is set to be
much smaller than that of the pump pulse in order not to induce any changes in the
sample. The arrival time of the pump and probe pulse is controlled by changing length
of each optical path. The time resolution in the pump-probe technique depends on the
pulse width, and the mechanical pitch of optical delay stage. The study of ultrafast
phenomena has been conducted by using wide region of electromagnetic wave from

infrared light to soft X-rays.

1.3  Coherent phonon and generation mechanism

Phonon is a quantization of lattice vibration, which carries vital roles in physical
properties in condensed matter. Usually phonons are randomly oscillating (incoherent)
in thermal equilibrium. Then the displacement of the atoms is almost zero in time and
space because they have each different wave vectors and frequencies. On the other hand,
phonons are excited coherently by irradiation of femtosecond laser pulses, whose
duration is much shorter than the vibrational period. The synchronized and collective
atomic motion is so-called coherent phonons as illustrated in Fig. 1-2. The coherent
phonons are detected as a modulation in transient reflectivity or transmission via a
change of electric susceptibility. By using the coherent phonons, we can directly detect

not only vibrational frequency but also their dephasing time.
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Fig. 1-2 Schematic of coherent phonon generation

In 1985, K. A. Nelson et al.™® reported the first observations of coherent
phonon in solid : a—perylene. Since then, coherent phonons have been conducted for
various materials such as semimetals!*"8, semiconductors®*®, and superconductors®?®.
The generation mechanism of coherent phonons have been proposed by several
groupst?*?¥and they are classified into two processes: one is impulsive stimulated
Raman scattering (ISRS) for transparent region and the other is impulsive absorption
(1A) for opaque regiont®!. The IA process is usually referred as displacement enhanced

coherent phonon (DECP) process.

1.3.1 Impulsive Stimulated Raman Scattering (ISRS)

Figure 1-3(a) shows the generation mechanism of ISRS. This mechanism is the
non-linear optical process in case of using ultrashort pulse laser as a pump pulse, and
dominantly occurs in transparent conditions. The ultrashort pulse has a broad bandwidth
which includes both the excitation light and Stokes (or anti-Stokes) light. Then the

stimulated Raman process occurs instantaneously within a single optical pulse.
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Fig. 1-3 General generation mechanism of coherent phonons (a) ISRS and (b) DECP.

1.3.2 Displacive Excitation of Coherent Phonons (DECP)
Figure 1-3(b) shows the generation mechanism of DECP. This is one of the

generation mechanisms of coherent phonons given by Dresselhause group. The
changes of carrier density n(t) by laser irradiation in materials is expressed by

d
’;(tt) = aP(t) - fn(o), (1.1)

where « is the absorption coefficient, P(t) is the power of light, and g is the

relaxation coefficient. Potential energy surface of the electronic excited state is usually
different from that of the ground state. They assumed that the equilibrium position
Q,(t) of atom is proportional to the photoexcited carrier density as

Qo(®) = kn(v), (1.2)
where k is a proportional constant. The equation of motion for general coordinate Q(t)

of lattice vibration can be written as

2
‘ d‘iﬁ” = —w3(Q®) — Qo(®)) — 2Y

where w, is an angular frequency of the lattice vibration, Y is a relaxation constant.

dQ(t)
dt '’

(1.3)
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Ususally, a photoexcited density become
n(t) o« e Pt (1.4)
and the time variable carrier density is expressed as

o)

n(t) = pEpf g(t —1)e Frdr, (1.5)
0
where E, is a laser fluence. Here, P(t) can be expresses as
P(t) = E, - g(t), (1.6)
f gdt=1, (1.7)

where g(t) indicate normalized pulse shape. The Q(t) is obtained as

!

Q(t) = (@2 -‘ll_)oﬁkzpfpzyﬁ) J:og(t —1)|e BT —efT <cos(ﬂr) — %sin(!)r))] dr, (1.8)

where
Q= |wi—Y2, (1.9)

B=B-Y. (1.10)

1.3.3 Coherent phonon detection

The measurements of coherent phonons are conducted as a modulation in
transient reflectivity via a change of electric susceptibility. Reflectivity change is

expressed by

ARR(t) _ %[(‘;_i) n(t) + (Z_S) Q(t) + (;)T}i) ATe] (1.11)

where n(t) is the excited band carrier density, Q(t) is nuclear coordinate, AT, is a
change in electron temperature at Fermi level produced by the pump pulse?®2®! which
led to interpretation of electron-phonon coupling strength!?®!.

For sufficiently narrow pump and probe pulses compared to the period of

oscillation 1/w,,

AR(t w§ '
R( ) = Ae Pt + Bw—0 e Bt — 1t <cos(ﬂt) - %sin (Qt))] , (1.12)
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where Q and B’ are given by Q= ., wy? —v? (Eq.1-9), and B’ = B — v (Eq.1-10),
respectively. The amplitude of coherent phonon is described as
W
(w§ +B*—2yp)
Equations (1.11) and (1.12) show that the reflectivity change includes change

(1.15)

in carrier density n(t) and normal coordinate Q(t) of the phonons. Then we can
directly monitor the Q(t), which represents the atomic motion, from the modulation in

transient reflectivity.

1.4  Topological insulators

Generally, inorganic materials are categorized into metal, semiconductor or
insulator. Their differences are determined by the electric structure as shown in Fig. 1-4.
Recently, topological insulators are a new quantum phase of matter that behave as a
semiconductor with small band gap in the bulk but have metal-like conductivity on its
edge and surface because of having a Dirac dispersion. In this chapter, the fundamentals

of topological insulator and recent studies are described.

k=0 P k=0 k
. Topological
Insulator Semi conductor .p g
insulator

Fig. 1-4 Electronic band structures of metal, insulator, semiconductor, and topological insulator.



1.4.1 Graphene
Graphene is a single atomic layer of graphite known as two dimensional

material. In 2004, a graphene consists of carbon monolayer was first isolated despite of
the theoretically predicted thermal instability. The special properties of graphene are
different from other forms of carbon such as graphite, diamond, fullerene and so on. In
particular, the superior electrical conductivity, thermal stability, and mechanical strength
have been actively studied in the field of electrochemistry?®3?!. In 2010, Andre Geim
and Konstantin Novoselov were awarded Nobel Prize in physics for groundbreaking
experiments regarding the two-dimensional material graphene®®!l. The dispersion of the
band gap in the ordinary semiconductors can be approximated by parabolic curve and
described with quantum effect via Schrddinger equation. In contrast, that of graphene
has linear dispersion relation so-called Dirac cone in the I" point of the Brillouin Zone.
The electrons existing on the Dirac cone (Dirac Fermions) cannot define the effective
mass hence they are massless quasi particle. Therefore Dirac Fermions would be
expected as lower power consumption devices. Graphene had been widely known as the
only material possessing the Dirac Fermions, however in recent years another substance
which also possesses the Dirac Fermions has been newly discovered. That is called

“topological insulators”.

1.4.2 Topological insulators

As shown in Fig. 1-5, topological insulator is a new quantum phase of matter,
which has a band gap in the bulk while topologically protected edge and surface states
due to the time reversal symmetry. It means that spin-orbit coupling gives rise to

electrically insulating states in the bulk and robust conducting states along the edge.

| Bulk : Insulator Surface : Metallic |

E

Bulk Bulk
Conduction Band Conduction Band

~L i

Bulk Bulk

Valence band Valence band
k k=0 k

Fig. 1-5 Schematic of topological insulator: a simple model insulating band structure of bulk
state and Dirac dispersion of surface state.



The classification of topology can differentiate by ‘topological invariant’. For
example, there are differences between a doughnut and a ball associated with the
number of hole. They are distinguished from two-valued topological invariant, called Z,
index. In a similar way, a wave function having an electronic state of topological
insulator is determined with parity. The surface state has a helical spin structure. The
electron backscattering induced by nonmagnetic impurities is suppressed by a helical
spin texture. Despite of a relatively a short history since its discovery, topological
insulators have attracted many scientists for their considerable ways of using on
different variety of devices and creation of new creative applications ¥>*3]. Topological
insulator is theoretically predicted in the researches of quantum spin hall effect®*3¢,
and the researches have begun with the two-dimensional (2D) topological insulators
such as CdTe/HgTe/CdTe quantum well structures®” and AISb/InAs/GaSb/AlSb
quantum well structures®®. They actually have very small band gap lower than 10 meV.

In 20085%4°! the Bi,_Sby single crystal has experimentally discovered as a
three-dimensional (3D) topological insulator, but unfortunately it was also unsuitable
for the study because of the complicated surface structure. Subsequently, a lot of the 3D
topological insulators have been suggested and observed (e.g., Bi,Tes*!, Bi,Ses*!
ShyTes"*!, (BiyxSby)aTes ), Bir»SbyTesySe, ") Phy,SnTe*l). They have larger band
gap around 0.3 eV. In particular, the Bi,Tes, Bi,Se; and Sh,Te; are well-known as
having a single Dirac cone on their surface, and these binary compounds are so-called

tetradymite structure!®.

1.4.3 Previous researches of topological insulators

(i)  Electronic band structure of bulk and surface state

* The electronic structures of V,VI; compounds have been calculated using
first-principles methods as high-performance thermoelectric materials and topological
insulatorst*®. H. Zhang et al. calculated the bulk and surface band structures of Bi,Tes,
Bi,Ses, SbyTes, and Sbh,Ses. The results show that the Dirac-cone-type dispersion is
formed at the I point in the local density of states (LDOS) exist for Sh,Ses!*!

associating with spin-orbit coupling.

10



+ J. A. Sobota et al. observed the occupied and unoccupied electric structure of n- and

p-type Bi,Ses; by one-photon photoemission (1PPE) and two-photon photoemission
(2PPE) angle-resolved spectroscopy®”). They theoretically and experimentally show
that the presence of 1% surface state (SS) and 2™ SS exist only in the presence of
spin-orbit coupling.

+ Angle-resolved photoemission spectroscopy (ARPES) is the most useful tool to
directly investigate a topological surface state. This method has been used to identify
surface state of p-type Bi,Ses!*®! and Bi, Tes!*>%.

« Y. =Y. Li et al. investigate the thickness limit of the single-Dirac cone surface state
with ARPES and first-principle calculations®™. The thickness dependence were
measured by using Bi,Tes thin films grown by molecular beam epitaxy technique on
Si(111). They found that the thickness limit of the single-Dirac cone surface state is 2
quintuple layers (2QLs). In addition, the topological surface state is also visualized as
energy and spatial structure of Landau levels using scanning tunneling microscopy
(STM)[52'54].

(i) Surface carrier scattering dynamics
Time- and angle-resolved photoemission spectroscopy (Tr-ARPES) is used for

real-time visulalization of the transient carrier population®. A. Creoaldi et al. report
that the time-dependent electronic thermal distribution after optical excitation in
Bi,Ses**°%. They analyzed the distribution by using an effective Fermi-Dirac function
whose temperature (T) and chemical potential (u) relax with the relaxation time of
Tr ~2.5ps and 1, ~2.7 ps, respectively. The relaxation time (tr) is compatible with a
mechanism of energy relaxation to the lattice mediated by the electron-phonon

interaction, and T, is related to the relaxation of the excess change in the conduction

m
band via diffusion. J. A. Sobota et al. investigated the dynamics of optically excited
electrons (1.5 eV) in p-type Bi,Se; by using Tr-ARPES, they concluded the
non-equilibrium population of surface state persisting for >10 pst®. In addition,
different scattering channels of surface and bulk electrons in Bi,Sez are shown by Y. H.
Wang et al. with using Tr-ARPES . Very recently, the spin and electric dynamics in

Bi,Se; is unveiled with using a spin-, time-, and angle- resolved photoemission

11



spectroscopy by C. Cacho et al’®®. Their results show that the surface and bulk states
behave as independent electric populations after optical excitation, which is to say the
photoexcited electrons relax back to equilibrium with different © (trs = 3.5 ps, Trg =
6.0 ps). Similarly, the relaxation time is obviously different between the surface and
bulk states in Bi,Tes®*®*, and Sh,Tes®™!. S. Zhu et al. have studied the dynamics of
excited electrons of Sh,Tes . They report that the excited electrons in the upper Dirac
cone stay longer than those below the Dirac point.

(iii)  Spin current

The current of topological insulators in equilibrium is typically dominated by
non-spin-polarized carriers of the bulk conduction band (BCB) rather than the
spin-polarized carriers of the surface statel®”®®!. The helical spin of the metallic surface

state can be selectively excited by circular polarized laser pulses®®™!.

12



1.5  Objective and outline of this study

Topological insulators are a new quantum phase of matter having a
Dirac-cone-type dispersion. The gapless surface states have confirmed by using ARPES,
STM and STS. However there is little known about the dynamics of photoexcited
electrons and phonons. Investigating these dynamics in topological insulators would be
closely related with intrinsic features for electronic applications. The objective of my
research is to elucidate the dynamics of photoexcited electrons and coherent phonons in
the topological insulators having the tetradymite structure (Bi,Tes Sb,Te; and Bi,Ses)
using femtosecond time-resolved reflectivity measurements. The near-IR transient
reflectivity shows modulation due to all of the Raman-active coherent optical phonons
(Eq', Eg, A, and Ayg®). Meanwhile, the mid-IR transient reflectivity shows the
electron dynamics via both the electronic bulk and surface states. The relaxation process

of the photoexcited carriers in topological insulator is also examined.

In chapter 1, | give an overview of time-domain spectroscopy, target materials
and the objective of this dissertation. In chapter 2, I explain the sample characterization
(sample morphology, optical properties, lattice vibrational modes) and experimental
apparatus. Chapter 3 shows the dynamics of optical coherent phonons, which are
investigated by transient reflectivity of the near-infrared (IR) pulse using the
pump-probe technique. | obtained frequencies and decay times of all the Raman active
optical phonons. Chapter 4 shows the dynamics of photo-excited carriers in Sh,Te;
investigated by the transient reflectivity in a mid-IR region. The lifetime of the
photo-excited carriers is obtained and its relaxation dynamics is discussed. Finally, |

summarized the results and show the general conclusion in chapter 5.
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Chapter 2.
Sample characterization and
experimental detail

In this chapter, some characterizations of sample materials (Bi,Ses, Bi,Tes, and
Sh,Teszsingle crystals) are presented. The following section consists of three parts: (1)
crystal structure observed with X-ray diffraction and sample preparation in various
types of thickness, (2) basic optical properties such as band gap, reflectance, penetration
depth, and (3) lattice vibrational modes. In addition, the experimental apparatus are

described.
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2.1 Sample preparation and characterization

2.1.1 Crystal structure

Chalcogenide compounds (Sh,Tes, Bi,Se; and Bi,Ses) have a rhombohedral
structure in space group of D3; (R3m)M. As shown in Fig. 2-1, the atomic
arrangement along the c-axis has repeating units with five-atomic
—Te(1)-Sb-Te(2)-Sb-Te(1)- layers called quintuple layerst.

; Y| @se@d

Cmat7
2 . O Te'(Se!)
aj > 0 Te?(Se?)

Fig. 2-1 Crystal structure of topological insulator (Sbh,Tes Bi,Te; and Bi,Ses) and the four
Raman-active optical phonon mode in quintuple layer: images of the out-of-plane A;;" and Algz

modes and in-plane Eg" and E,* modes.

Figure 2-2 shows a typical example of the single crystal X-ray diffraction
pattern of Sh,Te; measured with a conversional X-ray diffractometer (D8 Discover
BRUKER). The sheet-like-shaped crystal has a (0001) orientation of the plane normal
to the surface (Fig. 2-2(a)) and an in-plane trigonal structure (Fig. 2-2(b)). The unit cell
parameters of Sh,Te; were 0.426 and 3.046 nm for a and ¢ axes, respectively®®. The
bonds between quintuple layers are connected by a very weak van der Waals force;

therefore, it can be easily cleaved at the Te(1)-Te(1) interface.
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Fig. 2-2 X-ray diffraction pattern of Sh,Te; along the (0001) orientation of (a) the plane normal
to the surface and (b) the in-plane trigonal structure.

2.1.2  Sample preparation

Single crystals of Bi,Ses, Bi,Tes, and Sh,Te; were grown by a modified
Bridgman technique at Sasagawa Laboratory in Materials and Structure Laboratory of
Tokyo Institute of Technology. The Bridgman technique is a popular method for
producing large single crystal to grow semiconductor crystals with using temperature
gradient!. The mixture of Bismuth, Selenium, Tellurium or Antimony were raised to

melt and slowly cooling in a crucible.

2.1.3 Sample morphology
(i) Bulk sample

Figure 2-3 shows the surface images of the Bi,Ses single crystal obtained by a
laser microscope (KEYENCE VK-8550). For all of the experiments, | prepared a fresh
surface by cleaving the sample with an adhesive tape. As shown in Fig. 2-3(a) and (b),
the sample has a flat and metallic-color surface. The thickness of this bulk sample
measured to be approximately 46 um (Fig. 2-3(c)). Similarly, the thicknesses of bulk
samples in Bi,Tes and Sb,Te; are obtained approximately 31 um and 29 um,

respectively.
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Fig. 2-3 The laser microscope images of Bi,Se; single crystal, (a) metal-like and (b) flat surface,
and (c) the bulk sample thickness of 46 pum.

(if) Thin-film (<100 nm)

Topological insulators have a layered structure, thus these crystals were easily
cleaved perpendicular to the c-axis. The thin-film sample was prepared with a
Microtome on copper-mesh substrate to be used for time-resolved electron diffraction
experiment™. I could slice only the Bi,Tes single crystal with the thickness of 30 nm

because of the hardness of the samples.

(ii1) Ultra thin-film (<10 nm)

One of the main topics of this study is to investigate the surface and bulk of the
topological insulators from the viewpoint of the electronic and phononic dynamics.
Hence, | tried three kinds of method to prepare the ultrathin-topological insulators and
measure the photo-excited coherent phonon modes on these ultrathin films. The surface
of topological insulators Figure 2-4(a) displays the thin-film prepared by exfoliation.
The bulk samples are exfoliated at least 10 times by an adhesive tape!®. The thickness
of the ultra thin-film is estimated from the laser fluencies as shown in Fig. 2-4(b). Using

the reported refractive index (5.7-3.3i)"), the sample thickness is determined to be 3 nm.
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Fig. 2-4 (a) Optical microscope image of exfoliated sample (Sbh,Tes). (b) Method of estimated
the thickness of ultra thin-film.

Figure 2-5 shows a SEM image of the gold nano particles evapolated surface of
Bi,Ses. Gold nano-particles will enhance the surface electric field™, which will provide
the properties of surface of topological insulators. The final idea is to make
a-few-layered flakes with sonication in the organic solvents (N-methyl-2-pyrrolidone,
NMP)E!,

,10,000x 100 soen $D: 8.3mm: 10KV 2012701/24 17:14:50 S

Fig. 2-5 SEM image of Bi,Ses to evaporate gold nano-particles on the sample surface.

2.1.4 Carrier concentration
The intrinsic carrier density of the prepared samples is obtained from the Hall

coefficient!™®. Figure 2-6 shows a typical result of the Hall measurement of Sh,Tes at
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room temperature (Quantum Design PPMS). The hall resistance (p,, ) linearly increases

along the applied magnetic fieldupto 5 T.

20x10°°
15

10

Pyy [2CM]

H [T]

Fig. 2-6 Hall resistance measurement of Sh,Te; in the magnetic field of 0 to 5 T at room
temperature.

The Hall coefficient (Ry) is obtainedRy = 8.18 X 1071® Qcm/T. The Hall carrier

concentration can be calculated as
n=1/pe- (2.1)

Thus, the Hall carrier concentration isn = 7.63 x 10'° cm™3. This result indicates that
the carrier is hole (the sample is a p-type semiconductor). In addition, the carrier

concentration of surface state can be estimated from ARPES by following equation ™

K 2
Ngurface = /41-[ ' (2.2)

where K is the Fermi wave number. The carrier concentration of surface state is
n = 0.50 x 103cm™2, which refer to the ARPES spectrum of Sb,Te; (Kg = 0.08 A~1).
The carrier concentration is the same order of magnitude as previous report of n-type
Bi,Ses™™. The carrier densities of the other samples (n-type Bi,Ses; and n-type Bi,Tes)

are n=1x10®cm™3 and n = 3 x 108 cm™3, respectively*?.

2.1.5 Energy band gap and optical properties

Optical properties of samples are obtained from optical transmission and
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reflection spectra. Figure 2-7 shows a typical example of the transmission spectrum of
Sh,Tessingle crystal (thickness of the order of few um)!*®l. The transmission spectrum
was measured between 0.22 and 0.60 eV. The transmittance decreases rapidly at the
photon energy of 0.33 eV as the photon energy increases, thus the band gap is
determined to be 0.33 eV. The transmission spectrum of Bi,Tes is also shown in Fig. 2-8
and the band gap is determined to be 0.13 eV As shown in Fig. 2-9, the band bap is

not related with the sample temperature 4.

3.0F

2.5

2.0

1.5

1.0

Transmittance [arb.u.]

0.5

0.0 L I L
0.30 0.40 0.50 0.60

Photon energy [eV]

Fig. 2-7 Infrared transmission spectrum of Sh,Tez single crystal.
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Fig. 2-8 Infrared transmission spectrum of Bi,Tessingle crystal.
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Fig. 2-9 Infrared transmission spectra of Bi,Te; at the temperature of 287 K and 390 K.

One of the most popular methods to find optical parameters is the measurement
of specular reflectance. As shown in Fig. 2-10, the static reflectivity spectrum of Sbh,Te;
was measured in the photon energy range between 0.1 and 0.8 eV (Thermo Scientific,
Nicolet 6700). It is found that the plasma frequency of Sh,Te; is w, = 1.08 eV with

analyzing Drude-Lorentz model™*®!, the detail will be described later (chapter 4).
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Fig. 2-10 Infrared reflectivity spectrum of Sh,Tes; experimental data (black dot) and fitting
curve with Drude-Lorentz modes (green line).
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Fig. 2-11 Infrared reflectivity spectrum of Bi,Tes; experimental data (black dot) and plasma
edge calculated using the Kramers-Kronig transformation of the reflectivity spectrum (red line).

Figure 2-11 shows a reflectivity spectrum from Bi,Te; measured in the energy
range from 0.08 to 2.5 eV at room temperature. Blue markers (arrows) indicate the kink
positions corresponding to the allowed electron transitions from the valence band. We
calculated optical conductivity using the Kramers-Kronig (KK) transformation of the
reflectivity spectrum assuming the extrapolation of plasma edge structure due to the
response of the free carrier in the surface state for the low energy region as shown by
the red line (below 0.08 eV). The indirect bandgap of the Bi,Tes is determined to be
0.13eV.

The penetration depth of the pump pulse is described as

_41‘[k 23

where « is absorption coefficient, k is extinction coefficient, and A is wavelength. In
the wavelength of 800 nm, the extinction coefficient of Bi,Te; and Sbh,Te; are k = 5.5
and k = 3.3, respectively!”*®!. Therefore, the penetration depth of pump pulse in Bi;Tes

and Sh,Tezare 12 nm and 19 nm, respectively.

2.1.6 Lattice vibrational modes

Raman spectroscopy is a popular method to observe vibrational modes in
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molecules and crystals. Optical phonons of the prepared samples (Sb,Tes Bi,Tes and
Bi,Ses) were examined via Raman scattering at thermal equilibrium conditions. The
Raman spectroscopy was performed with a micro-Raman spectrometer (Horiba-JY

T64000) in backscattering configuration with 514.5 nm laser light™"

. The optical
phonon modes of topological insulators at the I" point consist of 2(A1g+Eg) + 3(Eut+A2u),
where the A;y and Eg phonons are Raman active while the E, and Ay, phonons are
infrared active. The Raman-active A;q; modes (Aig'and Ay”) are out-of-plane vibrational
mode, in contract the Eq modes (Eq" and Egz) are in-plane vibrational modes, as shown
in Fig. 2-1.

Figures 2-12 — 2-14 present the Raman spectra of Sh,Tes Bi,Se; and Bi,Tes,
respectively. The Raman spectrum of Sb,Tes (Fig. 2-13) shows four peaks at 1.2 THz
(41 cm™), 2.0 THz (68 cm™), 3.4 THz (114 cm™), and 5.0 THz (166 cm™), which are
assigned to the Raman-active Eg', A;s', Es% and Aj;l® phonons of bulk Sh,Tes,

respectively82°],

Intensity [arb.u.]
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Raman shift [cm'1]

Fig. 2-12 Raman spectrum of Sh,Te; showing four peaks at 41 cm™ (1.2 THz), 68 cm™ (2.0
THz), 114 cm™ (3.4 THz), and 166 cm™ (5.0 THz), which are assigned to Ey', A", E¢, and Ay
modes, respectively. The small peaks marked with asterisks (*) may be because of the E,' and
E.? modes.

The Raman spectrum of Bi,Tes (Fig. 2-13) shows also four peaks at 1.2 THz
(40 cm™), 1.8 THz (61 cm™), 3.0 THz (101 cm™) and 4.0 THz (132 cm™), which are

identified as Eq', Aig', Eg%, and Azq” modes, respectively™®?%,
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Fig. 2-13 Raman spectrum of Bi,Te; showing four peaks at 40 cm™ (1.2 THz), 61 cm™ (1.8
THz), 101 cm™ (3.0 THz), and 132 cm™ (4.0 THz), which are assigned to Ey', Ay, Es, and A,
modes, respectively. The small peak marked with asterisks (*) may be because of the E,' modes.

The Raman spectrum of Bi,Se; as shown in Fig. 2-14 shows also four Raman

active modes, 1.2 THz (40 cm™: E4'), 2.1 THz (71 cm ' Aygh), 3.9 THz (130 cm™: Ey)

and 5.2 THz (173 cm™: A4¢%). These results agree well with the previous reportst**%,
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Fig. 2-14 Raman spectrum of Bi,Se; showing four peaks at 40 cm™ (1.2 THz), 71 cm™ (2.1
THz), 130 cm™ (3.9 THz), and 173 cm™ (5.2 THz). The small peak marked with asterisks may
be because of the E;, modes.
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Table 2-1 Ramans active optical phonon modes

mode Eet Asgl E<? A1g?
[cm?] [THz] [em?] [THz] [cm?] [THz] [cm™] [THz]
ShaTes 41 1.2 68 2.0 114 3.4 166 5.0
BizTes 40 1.2 6l 1.8 101 3.0 132 4.0
Bi2Ses 40 1.2 71 2.1 130 3.9 173 5.2

2.2 Ultrashort laser pulses

In ultrafast spectroscopy, it is necessary to precisely determine a pulse duration,
which affects temporal resolution. There are several ways to evaluate the pulse duration,
for example, interferometric autocorrelation, fringe-resolved autocorrelation (FRAC),
frequency-resolved optical gating (FROG) and spectral phase interferometry for direct
electric-field reconstruction (SPIDER). Here, 1 introduce the interferometric

autocorrelation and FRAC systems used in my experiments.

2.2.1 Autocorrelation

The simplest and a widely used technique for evaluating the femtosecond
laser-pulse width is a second harmonic generation (SHG) intensity autocorrelation (Fig.
2-15). An optical pulse derived from a femtosecond laser system is divided into two
replica pulses with separation time t. These two replica pulses have to make spatially
overlapped in a nonlinear optical crystal such as BBO (p—BaB,0,) crystal. The
oscillating electric field of a laser pulse is

E(t) = Eo(t)ex p[~i(wot — ¢(w))] (24)
where E,(t) is a pulse envelope function, ¢(w) is the spectral phase. The pulse
intensity can be written as

I1(t) = EQ)E(t) = Eo(£)E;(t) (2.5).
The Intensity autocorrelation as a function of time-delay (t) is expressed as following:

Esy = fol(t)l(t —1)dt . (2.6)
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Fig. 2-15 Intensity of optical interferometric between double pump pulses as a function of

separation time.

2.2.2 Fringe-resolved autocorrelation (FRAC)

A fringe-resolved autocorrelation (FRAC) is a popular method to measure an

n 222 The FRAC signal involves in the second

ultrashort optical pulse duratio
harmonic signal as a function of delay time between autocorrelation pulses at the output
of a Michelson interferometer as shown in Fig. 2-16. The two phase-locked pulses
induced by a Michelson-type interferometer have optically difference path length. The

expression for FRAC trace for a given delay is

Ippc(T) = f||E(t) + E(t—1)|?|? dt

= flE(t)Z+2E(t)E(t—T)+E(t—T)2|2dt. (2.7)

The integrals of E(t)? and E(t —1)? are SHG of each individual pulses. The term of

E(t)E(t — T) is the second harmonic interferogram of these two pulses.
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Fig. 2-16 Schematic of the fringe-resolved autocorrelation (FRAC). BS, beam splitters; PD,
photodetector.
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Fig. 2-17 fringe-resolved autocorrelation (FRAC) trace in this measurements.

2.3 Pump-probe spectroscopy

Optical pump-probe spectroscopy is the popular method in femtosecond
time-resolved spectroscopy. General description of this method is following; an output
pulses derived from Ti:Sapphire laser system is divided into two pulses, one is used to

excite the materials (pump pulse), and the other pulse (probe pulse) is used to detect the
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modulations induced by pump pulse. Figure 2-18 shows the laser spectrum of a
mode-locked Ti:sapphire laser (KM-Lab, MTS-a) at a center wavelength of 800-820 nm

with a pulse duration of 40 fs and a repetition rate of 86 MHz.

Intensity

[0 T R B R
700 750 800 850 900

Wavelength [nm]

Fig. 2-18 Ti:sapphire laser spectrum at a center wavelength of 810 nm with a pulse duration of
40 fs.

2.3.1 Isotropic configuration

Figure 2-19 shows the schematic of the experimental setup. The optical pulses
were split with a partial beam splitter into pump and probe pulses with 9:1 ratio, and
their fluencies of 16.0 pJ/cm? and < 0.08 wJ/cm?, respectively?*?*!. The power of probe
pulse is much smaller than that of pump pulse not to induce any modulation on the
sample. The linearly polarized pump and probe pulses were focused with a single

convex lends to be overlapped on the sample at a diameter of approximately 40 um.
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Fig. 2-19 Setup for pump-probe spectroscopy (Isotropic configuration). CMs, chirped mirrors;
BS, beam splitter; Polar., polarizer; Amp., current preamplifier.

The transient reflectivity change of the probe pulse was monitored with a pair
of balanced PIN photodiodes (Hamamatsu Photonics, S5973-01). The differential signal
from the photodiodes was amplified with a current preamplifier (SRS, SR570) and
obtained by accumulating 4000 scans of the digital oscilloscope (Iwatsu DS-4354 M). A
delay between the pump and probe pulses is controlled by changing the optical path
lengths. The time-zero was arranged with using a cross correlation between pump and
probe pulses. The 300 um difference between the pump and probe pulse lengths
corresponds to 1-ps time delay. The time-resolution in pump-probe spectroscopy is
dependent on the pulse width, and the time step is determined by the mechanical pitch
of optical delay stage. Temporal evolution of the reflectivity was measured by scanning
the delay between the pump and probe pulses repetitively at 20 Hz with a fast-scan
mechanical stage (APE GmbH ScanDelay). The oscillation components are observed by
removing the non-oscillatory components using a band-pass filter of the current
amplifier in the range from 1 to 300 kHz. The oscillation by coherent phonons is

amplified due to reduce contribution from the slow decay component of the strong
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electronic response. The data were averaged from 500 scans. All of the measurements

were conducted at room temperature in the air.

2.3.2 EO-sampling configuration
Figure 2-20 shows another technique, called EO-sampling, in which the

reflected pulse from the sample was separated into p- and s-polarized components and
detected with balanced photodiodes to remove the isotropic components of the
reflectivity change.

probe
N Ti:sapphire
oscillator
M2= A
Polar.== <
Optical delay _— CMs
1> @ BS
At
pump Lens
N H2 polar: ﬂ [|53mp|e
-
Polar. BS EN detector2 | Ry

R: | detectorl

Current ~ |

Oscilloscope

Fig. 2-20 Schematic of EO sampling configuration in a pump-probe spectroscopy.

Figure 2-21 shows a typical transient reflectivity signal of n-type GaAs in our
study'®®). This result shows mode beating consist of two modes at the frequencies of 8.7
THz and 7.7 THz. These oscillations are identified the longitudinal optical (LO)

phonons and the LO phonon-plasmon coupling (LOPC) oscillations?”).
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Fig. 2-21 Transient reflectivity change and FFT intensity of n-type GaAs.

2.3.3 Optical pump mid-IR probe spectroscopy

The used femtosecond laser system consists of Ti:sapphire oscillator and
regenerative amplifier and its operated with a repetition rate of 1 kHz. The output pulse
from the regenerative amplifier was divided into two pulses (pump and probe pulses) by
the beam splitter. The pump pulse was chopped by using the optical chopper operating
at 500 Hz. The probe pulse was converted to mid IR pulse by using the optical
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parametric amplification (OPA) and differential frequency generation (DFG). The pulse
width of the mid-IR probe pulse was 120 fs. The reflected light from the sample was
detected using a spectrometer and a photoconductive detector. The time-resolved
mid-IR reflectivity measurements were performed at Onda laboratory of Tokyo Institute

of Technology.

CW LASER |—=| Oscillator
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—=| Amplifier/ |
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> S
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\‘\/
Fig. 2-22 Setup for optical pump and mid-IR probe spectroscopy. (MCT photoconductive
detector)
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Chapter 3.
Phonon dynamics

3.1 Introduction

Photo-excited dynamics of topological insulators have been studied by using
ARPES, STM and STS. However, there is little known about their phonon vibration
dynamics. Investigating these dynamics in topological insulators would be closely
related with intrinsic features for electronic applications through a perspective of
electron-phonon interaction. The optical phonon modes of topological insulators at the
I point consist of 2(A1g+Eg) + 3(Eut+Az), Where Aiq and Eq; modes are Raman active
modes. The incoherent phonon properties of bismuth and antimony compounds (Bi,Tes,
Bi,Ses and Sh,Tes) have been extensively investigated with Raman scattering and first
principle calculations™®. Recently, coherent optical phonons have been measured in
BiyTes, Bi,Ses and Sh,Tes™ . The Ay' mode in BiyTes has been observed at the
frequencies of 1.8 THz using a 100 fs pulse laser'™. Y. Wang et al. reported two coherent
phonon modes (A14" and Ay?) in Bi,Tes and Sh,Tes crystals by using 50 fs pulse laser'®,
The frequency of Aiy> mode in Bi,Tes is 4.0 THz. In the Sb,Tes crystal, the Ayg' and A;g°
modes have been reported 2.1 THz and 5.0 THz. Only the Algl mode in Bi,Se; have
been observed at around 2.1 THz by using 150 fs or 200 fs pulse laser’®*. However,
the decaytime of three modes (Eg', E,* and A;s°) have not yet been reported in
time-domain-spectroscopy, and to the best of our knowledge, the anisotropic modes (Egl
and Egz) have not been observed. In this chapter, | studied ultrafast dynamics of
coherent phonons in the topological insulators (Sb,Tes, Bi,Tes and Bi,Ses) by using

femtosecond time-resolved near-infrared (IR) reflectivity measurements.
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3.2 Bismuth Selenide (Bi,Se3)

3.2.1 Coherent A-symmetric optical phonons

The coherent A-symmetry optical phonons (A, Ai,® modes) are usually
obtained with isotropic configuration. Figure 3-1 shows the temporal evolution of the
transient reflectivity change. The delay zero (At;=0) was determined by measuring cross
correlation with second-harmonic generation, as previously indicated (as previously
mentioned in chapter 2). The obtained reflectivity change consists of two components:
one is an oscillatory part caused by the coherent phonons, and the other is a
non-oscillatory background component arising from electrons photo-excited to higher
energy bands, carrier recombination, lattice heating, etc. Therefore, to remove the
non-oscillatory background modulation, I use a band-pass filter to clearly observe the
oscillatory part derived from coherent phonons in this experiment. The successive beat
signals derive from the motion of coherent phonons. The fast-Fourier transformed (FFT)
spectrum of the transient reflectivity in the range of 0.15-7.0 ps shows two distinct
peaks at frequencies of 2.1 and 5.1 THz. In comparison with Raman spectroscopy, they
are assigned to the out-of-plane A" and Alg2 optical phonons, respectively™®. The
oscillation components induced by coherent phonons can be expressed as a sum of
damped oscillations:

AR(t)/Ry = Ao + X, Ajexp (—t/T;)sin (2nT;t + 6;) (3.1)
where A;, T, Ti, and &; are the amplitude, decaytime, frequency, and initial phase of
ith-vibration modes, respectively. Ao is the baseline and N is a number of phonon

modes.
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Fig. 3-1 Transient reflectivity change (AR/Ry) and FFT spectrum in Bi,Ses: the experimental
data (black line) and the result of fitting with two damped oscillations (red line) expressed by
Eq. (3.1). Oscillations of A;4* and Ay,* phonon modes with using fitting parameters are also
shown by pink and blue curves, respectively.
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By fitting the transient reflectivity with Eq. (3.1), the decaytimes of A;4" and
A1g2 coherent phonons were obtained as 3.2 ps and 0.9 ps, respectively. The decaytime
of the Ays" mode agrees with the value reported in a previous study™. N. Kumar et al.
have been observed the Algl mode in Bi,Se; by using 250 fs pulse laser, they reported
the frequency of the Aiy" mode is 2.167 THz with the decaytime of 3.2 + 0.1 ps. The
coherent A192 phonons decayed faster than the Algl phonons. In case of Bi,Ses, the
signal of coherent phonons has disappeared when increasing the laser fluence or the

irradiation time, thus this material is not appropriate for long time experiment.

3.2.2 Coherent anisotropic optical phonons

The anisotropic E-symmetry coherent phonons are usually obtained with
EO-sampling (as previously mentioned in chapter 2). Figure 3-2 shows the transient
reflectivity change of Bi,Se; by using EO-sampling. Fine tuning of the pump pulse
polarization enables the observation of E;' and E, modes. The oscillations at
frequencies of 1.3 THz, 2.1 THz, 3.8 THz, and 5.3 THz were assigned to the E4', Ayq',
E?, and A;,> modes respectively [*°1. By fitting the transient reflectivity using Eq. (3.1),
the decaytimes of the E;' and Eg2 phonons were obtained as «1 ps and 1.0 ps,

respectively.
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Fig. 3-2 (a) Coherent phonon detection of Bi,Ses by using the EO-sampling. (b) The FFT
spectrum of the anisotropic reflectivity change. The peak at the frequency of 1.3 THz, 2.1 THz,

]
(8]
I

3.8 THz, and 5.3 THz were assigned to the E¢", A", Ey°, and Ayy’, respectively. The peaks
marked with asterisks (*) may be because of artificial peak.
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3.3 Bismuth telluride (Bi,Tes)

3.3.1 Coherent A-symmetric optical phonons

The oscillatory behaviors of the transient reflectivity as a function of the time
delay between the pump and probe pulses in Bi;Tes shown in Fig. 3-3. The FFT
intensity of this oscillation component shows two peaks at 1.8 THz and 4.0 THz, which
were assigned A;st and A;2 modes, respectively™®*®. The oscillatory part of the
transient reflectivity change was analyzed with two damped oscillations using by Eq.
(3.1). The decaytimes of A;;* and Ay’ modes were obtained as 4.1 ps and 1.1 ps,
respectively. The decaytime of the A;s" mode agrees with the value reported in a
previous study'™. A. Q. Wu et al. have been observed the A," mode in Bi,Tes by using
100 fs pulse laser, they reported the frequency of the A" mode is 1.84 THz with the
decaytime of 5.0 ps.
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Fig. 3-3 Transient reflectivity change (AR/R,) and FFT spectrum in Bi,Tes: the experimental
data (black line) and fitting curve (red line) with two damped oscillations (red line) expressed
by Eg. (3.1). Oscillations of A;;" and Algz phonon modes with using fitting parameters are also

shown by pink and blue curves, respectively.
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3.3.2 Coherent anisotropic optical phonons

Figure 3-4 shows the transient reflectivity change of Bi,Tes by using
EO-sampling. These oscillations at frequencies of 1.3 THz, 2.1 THz, 3.3 THz, and 5.0
THz were assigned to the Eg', A;l', E% and A;2 modes, respectively™®3 The
obtained decaytimes of the E,' and E,” phonons are <1 ps and 2.9 ps, respectively. The
decaytime of E,” mode is three times longer than that of Bi,Ses.

(a) (b) 25—
— 1 3 20f ﬂ
© &,
= OH 2 15F
3 £
Z st £
— Asg
L
O - "N’J K_/\'\ﬂ-*
I I I I _ I I
0 2 4 6 8 1 2 3 4 5
Delay time [ps] Frequency [THz]

Fig. 3-4 (a) Coherent phonon detection of Bi,Tes by using the EO-sampling. (b) The FFT
spectrum of the anisotropic reflectivity change. The peak at the frequency of 1.2 THz, 1.8 THz,
3.0 THz, and 4.0 THz were assigned to the Egl, Algl, Egz, and Algz, respectively.

10 j 1.0
8t o 0.8}
I G,
g. 6 > 06_
o€ 4r 2 04
Z g
A £ 0.2F
0
—.‘\JI | | E OO ; : ;
0 2 4 L 0o 2 4 6 8
Delay time [ps] Frequency [THZz]

Fig. 3-5 Transient reflectivity obtained by using the EO-sampling with long-time laser
irradiation. The oscillation at the frequency of 3.5 THz is the A,y phonons of tellurium due to the
tellurium segregation.
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Here, it is worth noting that tellurium segregation is induced by accumulative
heat when increasing the laser fluency or the irradiation time. Figure 3-5 shows the
transient reflectivity changes when | irradiate the laser pulse (>30 min) and 30 pJ/cm?.
The oscillation at the frequency of 3.5 THz have been observed, and which agrees with
the A;4 phonons of tellurium™ as a result of laser-induced decomposition of the Bi,Tes.
Similar thermal segregation of tellurium has been reported for other tellurium
compounds such as CdTe!®! and Ge,Sh,Tes™. To avoid such heating effects, the set
pump-pulse intensity is 16.0 pJ/cm?, repetition rate of 86 MHz, and a data-accumulation

time of 400 s that was less than the lower limit of thermal tellurium segregation.

3.4 Antimony telluride (Sb,Tey)

3.4.1 Coherent A-symmetric optical phonons

The transient reflectivity changes as a function of the time delays between the
pump and probe pulses in Sh,Tesz shown in Fig. 3-6. The FFT intensity of this oscillation
component shows two peaks at 2.0THz and 5.0 THz, which were assigned A" and Algz
modes™??. The oscillatory part of the transient reflectivity change was analyzed with
two damped oscillations using by Eq. (3.1), the decaytimes of A;4" and Ay coherent

phonons were obtained as 2.4 ps and 1.3 ps, respectively.
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Fig. 3-6 Transient reflectivity change (AR/Ry) in Sh,Tes and FFT spectrum: the experimental
data (black line) and fitting curve (red line) with two damped oscillations expressed by Eg. (3.1).
Oscillations of A;;* and Algz phonon modes with using fitting parameters are also shown by pink

and blue curves, respectively.
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3.4.2 Coherent anisotropic optical phonons

Antimony telluride (Sh,Tes) is the most suitable sample among these three
chalcogenide compounds (Bi,Tes, Bi,Se; and Sbh,Tes) for investigating more detailed
dynamics of coherent phonons, because of laser heating properties. Figure 3-7 shows a
schematic view of the polarization angles of the pump and probe pulses over the sample
orientation. The pump and probe pulses were directed to the sample nearly
perpendicular to the sample (0001) plane. The polarization angle of the probe pulse was
fixed to n/4 from 9=0 angle while that of the pump pulse set to 9=0 (clockwise

direction). This angle is parallel to the <0110> axis of the sample.

a, @ Sb(Bi)
O Te(Se)!
O Te(Se)?

(011,11)

Fig. 3-7 Schematic view of the polarized pump and probe pulses over the crystal orientation.

The reflectivity changes (AR/Ry) are dependent on the sample orientation with
respect to the polarization angles of the pump pulse. Figures 5(a)—(c) show the transient
reflectivity at the pump pulse polarization angles of 9=n/6, n/3, and 8n/9, and each FFT
spectra are shown in Fig. 3-8(e)—(g). The results show that all of the Raman-active
phonons including the Eg1 phonons have been observed. The frequencies of the in-plane

[1,2,5]

Eq' and E4° phonons were 1.2 and 3.3 THz, respectively™*®!, Especially, the Eg'

phonons at the frequency of 1.2 THz have never by other group.
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Fig. 3-8 Transient reflectivity changes (AR/Ry) in Sbh,Tes obtained using EO-sampling. The top
of them are the schematic view of the polarization angles of the pump and probe pulses. The
spectra of AR/Ry in the pump pulse polarization angle of (a) 9=30 deg. (n/6), (b) 9=60 deg.

(n/3) and (c) 9=160 deg. (8n/9), and the FFT spectra of their oscillatory components shown in

(d), (e), and (f), respectively.
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Fig. 3-9 Transient reflectivity change in Sb,Te; with the pump pulse polarization angle of
9=160 deg (8n/9). The red line is fitted to the experimental data with using three damped
oscillations (E4", Aig" and E).

By fitting the reflectivity signal of 9=160 deg (8r/9), the decaytimes of the E,'
and Eg2 phonons are obtained as «1 ps and 1.4 ps, respectively (Fig. 3-9). The
polarization dependence of the phonon amplitude (Fig. 3-10, 3-11) indicates that the Ayq
and E, phonons have different polarization dependence. The in-plane E;' and Eg°
phonons have rotational symmetries through =/2. In contrast, the out-of-plane A;4" and
As4° phonons have rotational symmetries through w. The out-of-plane A;4 phonons are
generally not detected with EO-sampling because of their isotropic vibrational
properties(AR = Ry — Ry= 0 : Rx= Ry). However, they are clearly present in Fig.3-11,
because of the slightly oblique incident angle of the pump pulse, which will be

described in detail later.
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3.4.3 Discussion of pump-pulse polarization dependence

The amplitudes of these coherent phonons strongly depend on the pump-pulse
polarization. Then, | discuss these results based on the Raman tensor, which represent
the interaction between the incident optical electric fields and the polarization of the
materials due to lattice deformation and phonon modes. It has the same symmetry as the
electron-phonon coupling tensor. The pump pulse induces the coherent phonons and
makes the polarization into the materials. Subsequently the probe pulse detects the
induced phonons via a change in polarization of the materials. The total process can be
separated into two processes: generation and detection. The Raman tensors of

rhombohedral structure™ are expressed as

a 0 O
A1g= 0 a O
0 0 b

0 —c —-d c 0 O
Eg = (—c 0 0 > or (0 —c d) (3.2)
—-d 0 b 0 d O

The intensity of the induced polarization (1) can be described with the Raman tensor (&)
and the incident and outgoing electrical field (e, and equr) as
I=|ein(@)equl® . (3.3)

The amplitude of the phonons is proportional to the induced polarization in the
medium. Thus, the FFT intensity of the Eq phonons (lgg) is derived from eq. (3-3) as

cos9\ |2
Ig, < (cos9 sind 0)(@)| sind
0

= |c(cos?9 — sin?9)|? = c?cos?(29). (3.4)
Here, | set e, = eoy because the present process is the impulsive stimulated process
during a single pulse. The polarization of the excitation light component and the Raman
light are same. The polarization dependence in Eg-phonon generation is given by cos?
(29). In the detection process, the difference between the x- and y-components of the
reflected pulse due to the induced phonons was observed. The polarization angle of the
probe pulse was fixed to w/4, and the difference of reflection was calculated to be

constant as follows:
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AR = (Ry—Ry) (3.5)

c 0 0\ /cos45°
Ry = (cos45° 0 0)({0 —c d 0
0 d 0 0
1
c 0 0\/—=
1 V2 c
=(ﬁ 0 0)(0 —c¢ d) 0]=5% (3.6)
0 d 0/\,
c 0 0
Ry =(0 sin45° 0)|0 —c d]|{sin45°
0 d 0 0
) c 0 0 (1) .
=(o - 0) 0 — d)|l5|=-% (3.7)
0 d 0 0
AR = |Ry—Ry|" = 2¢%. (3.8)

Thus, the difference of the reflection (AR) modulated by the pump pulse is proportional
to cos® (29) and the transient reflectivity of the E," and Eg2 phonons shows rotational
symmetry through /2, as shown in Fig. 3-10. The observed polarization dependence of
the E4 phonons and its analysis with the Raman tensor are consistent with a previous
report on the polarization dependence of the amplitude of the Ey phonons of bismuth
crystal, which has the same Raman tensors®®!. Similar to the Ey phonons, the FFT

intensity of the Aiq phonons (IAlg) is derived from Eq. (3-3) as

2

cosd
(cos9 sind 0)(@)| sin9
0

IAlg —

= (acos?9 + asin?9)? = a?, (3.9)

and the difference of the reflection are

c0s45° a
Ry =(cos45° 0 0)@| o ==
2
0
0 a
Ry = (0 sin45° 0)(@) |(sin45° | = 3
0
AR = |Ry—Ry|* = 0. (3.10)

Despite the isotropic vibrational properties (Rx = Ry) because of the incident angle of the

probe pulse, the Aiq phonons can be observed with the EO-sampling. According to the
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calculated of the FFT intensity (Eq. (3.9)), the polarization angle dependence of the Ay
phonons is constant. However, it has rotational symmetry through = as shown in Fig.
3-11. This result may be explained by the slightly oblique incident angle of the pump
pulse. Here, | assumed this slightly oblique incident angle to be ¢ (« 1) and the
incident pump electric field to be

cosd
ein, = ( sind ) (3.12)
@sind

where | set cos@ = 1 and sin ¢ = . Equation (3-3) leads to the following
expression:
cos 9\ |*
I’Alg o [(cos9 sind @sind) (&) ( sind >
@sind

= |a + @?bsin?9|* = a? + 2¢*absin?¥. (3.12)

where I’a141S the intensity of the A;g phonons using the oblique incident pump pulse.
Thus, the FFT intensity of the Aiq phonons shows polarization dependence of
@?absin?9 and a constant offset (a?). The experimental polarization dependence of the

Aag phonons (Fig. 3-11) is well-reproduced.

3.4.4 Coherent control of optical phonons

The coherent A-symmetric phonon modes (A;4" and A;4°) have been observed
with using isotropic configuration as mentioned in 3.3.1, however, the Algz mode has
smaller amplitude and shorter decaytime. | report on the precisely investigation the
dynamics of Algz mode by controlling the amplitude of coherent phonon. Controlling
amplitude is performed by double-pulse excitationt*”*8]. The pump pulse is lead into a
Michelson interferometer to produce double pulses with separation time (At’). The
separation time (At’) was varied by moving a mechanical stage in the Michelson
interferometer. In the double-pulse experiment, the first pump pulse generates coherent
phonons subsequently the second pulse makes the specific phonon mode enhanced or

suppressed. By tuning separation time in concord with the period of the vibration
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(qug =500 fs and Ty, =200 fs), the phonon mode was selectively controlled as

shown in Fig. 3-12.

The coherent Algz phonons decayed faster than the Algl phonons approximately
2—4 times, which can be said that in common with all compounds. It might be explained
that a collision probability of Alg2 mode is higher than that of Algl mode due to high

frequency.

e A 'mode
a A Zmode

FFT Intensity [arb.u.]

| |
1150 1200 1250 1300

Separation time [fs]

Fig. 3-12 The FFT intensity of the Algl and Algz modes by changing the separation time of
double-pulses.

Figure 3-13(a) and (b) shows the double pulse reflectivity changes at At’=1320
fs and At’=1200 fs. As shown in Fig. 3-13(c), it is precisely observed the A;,* phonons
at the separation time of 1200 fs. The accurate decay time of the Ay,” mode is 1.4 ps
analyzed with Eq. (3.1).
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Fig. 3-13 The reflectivity change of Sbh,Te; induced by the double pulse excitation: (a)
separation time (At’=1320 fs) shows only the A;;" mode at the frequency of 2.0 THz, (b)
At’=1200 fs appears only the A1g2 mode at the frequency of 5.0 THz. (c) The FFT intensity with
respect to the double pulse separation time from 1140 fs to 1320 fs.
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3.5 Thickness dependence

The intrinsic metal-like surface state of topological insulators is expected to be
applied in various technical branches. The Raman active optical phonons are often
correlated directly to physical properties including electron-phonon coupling. In general,
Raman shifts are dependent on size of solids due to variety of physical factor; phonon
quantum confinement, surface stress, surface disorder. For example, the red-shift of
optical phonons with reducing the solid size in graphite is suggested to be due to the
effect of quantum confinement. Besides, the appearance of the D mode arouse from the
surface disorder™. In transition metal chalcogenide, these shifts are attributed to the
variation in the dielectric screening environment for Coulomb interaction as thickness
changes®!. Similarly, investigating between the differences of bulk and surface optical
phonons would be important for revealing the properties of the topological insulators. In
this experiment, the transient transmission measurements were carried out with using an
ultra thin-film. The ultra thin-film is prepared to exfoliate the single crystal sample with
an adhesive tape, and the thickness was estimated to be less than 3 nm, which
corresponds to < 3 quintuple layers (QLS).

Figure 3-14 shows the temporal evolution of the transient transmission
spectrum of Sh,Tes thin-film. This signal is obtained by accumulating 4000 scans and
average of 10 times. The FFT spectrum of the transient transmission spectrum in the
range of 0.4-4.4 ps is shown in Fig. 3-15. The sharp peak at frequency of 5.2 THz
corresponds to the out-of-plane Ayy> mode. It is clearly found that the frequency of Ay
mode shifts higher than that of bulk and the Algl mode disappeared. This trend is also

reported by other groups as shown in Table 3-1%42%,
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Fig. 3-14 Transient transmission of Sh,Te; ultra thin-film.
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Fig. 3-15 FFT spectrum of the transient transmission signal (red line) and that of bulk.
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Table 3-1 Frequency of Algz mode comparison with bulk and thin-film.

Sample Bulk Thin-film Difference Reference
ShzTes 5.00 5.20 +0.20 This work
ShaTes 5.14 5.30 +0.16 Ref.5 (Theory)
BizTes 4.02 422 +0.20 Ref.21 (Exp.)
BizSes 5.22 5.32 +0.10 Ref.22 (Exp.)
BizTes 4.05 423 +0.18 Ref.23 (Exp.)

The oscillatory part of the transient transmission change was analyzed with two
damped oscillations with the vibrational frequencies of 5.2 THz and 10.0 THz (SHG)
using by Eq. (3.1). It is difficult to analyze around 0-1.5 ps because of a background
non-oscillation component. However, it can be seen from Fig. 3-14 that the oscillation
component has continued to 4.5 ps, which is longer than that of bulk (tyx = 1.4 ps).

5.8
A1g1 BizSez
55
54 — bulk (R)
—— thin film (T)
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n
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Fig.3-16 Difference between bulk and ultra thin-film of FFT intensity spectra in Bi,Ses.

As shown in Fig. 3-16, a similarly result is also obtained in the Bi,Ses thin-film.
These obviously blue-shifts of A1g2 mode are also measured by Raman spectroscopy of
the topological insulator Bi,Ses films with varying thickness??. The intensity of Raman
spectra depends on the number of layers. According to this report, the Raman intensity

is the most enhancement as the thickness of 3 QLs (3 nm). It might not be the reason for

64



the effect of quantum confinement considering the phonon dispersion curvel.
Therefore, it also might lead to the relative vibration mode directions the blue-shift of
the A1g2 mode, or the effect of topological surface, and require further study.
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3.6 Summary

In summary, all of the Raman-active optical phonons (A", Ais’, Eg', and Eg’)
in topological insulators (Sb,Tes;, Bi,Tes and Bi,Ses) were clearly observed with
femtosecond time-resolved reflectivity measurements. Table 3-2 summarizes the
obtained frequencies and decaytimes of Raman-active optical phonons. The following

are summarizing remarks of this chapter.

Table 3-2 Parameters of coherent phonons in Sb,Tes, Bi,Tes, and Bi,Se;

mode Egl Al Eq2 A2
(THz]  [ps]  [THz]  [ps]  [THz]  [ps]  [THz]  [ps]
ShaTes 1.2 <<1 2.0 2.6 33 1.4 5.0 1.4
BizTes 1.2 <<1 1.8 4.1 3.0 2.9 4.0 1.1
Bi=Ses 1.2 <<1 2.1 3.2 39 1.0 5.1 0.9

The frequencies of Bi,Tes are smaller than the other samples. These results
indicate that heavier atomic nucleus such as bismuth (Table 3-3(a)) has low frequencies.
This implies that the interaction potential is almost same for these three samples since
the phonon frequency is proportional to the square root of the force constant over the
reduced mass. In fact, the bond strengths are almost same because there is little
difference in the lattice parameters of these compounds!®*.

The common characteristics of all compounds are (1) the Algl modes have
relatively longer decaytimes, (2) the Eg1 modes are overdamped motion.

(1) The decaytimes are concerned in a collision probability of Alg,2 mode, therefore the
higher frequency mode of A1g2 decay faster.

(2) The reason for the very shorter decaytime of the Eg1 mode could not be clear. It
might be concerned in the direction of atomic motion after the photoexcitation in long
time scale (100 ps-order). This fact is a far more complicated problem and needs further

study.
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| figure out that the amplitude of the in-plane E4 phonons strongly depends on
the polarization angle of the pump pulse. The FFT intensity of the Eq phonons and Aiq
phonons show rotational symmetry through n/2 and = with a large offset constant,
respectively. The polarization dependence of the coherent phonons is based on the
Raman tensors. Hence, careful investigation of the appropriate polarization angle of the
pump pulse makes it possible to observe even E4' phonons with a very small amplitude
(AR/Rq =~ 107 and short decay time (<1 ps).

In addition, | demonstrate the controlling of the specified phonon mode by
using double-pulse excitation. It found that fine tuning of the separation time between
first pump pulse and second pump pulse enable us to selectively observe the coherent
phonon modes, and the accuracy decaytime of Algz mode was observed.

It is also found that the frequency of Algz mode was blue-shifted from bulk to
ultra thin-film (3 nm). 1t might be considered the effect of surface phonon mode not the

effect of quantum confinement.
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Chapter 4.
Carrier dynamics

4.1 Introduction

A non-trivial feature of the topological insulator is the Dirac-cone-type
dispersion, which is formed at the gapless surface states. The Dirac Fermions are known
as massless electrons existing in the Dirac cone and have high electric mobility. Thus,
they are expected to be used as high-efficiency, low-power electronic devices and
spintronic devices. The electric-population dynamics of photoexcited topological
insulators were directly demonstrated by using Tr-ARPES™!. Optically excited carriers
in a Bi,Se; by interband photoexcitation (1.5 eV) are immediately scattered into the
bulk conduction band (BCB) and surface state, and wholly relax in the timescale of ~10
pst?l. The electrons in BCB nearby the Dirac cone invariably relax though the surface
conductive channel. Very recently, the dynamics of photoexcited electrons at the Dirac
cone are also observed in p-type Sh,Tes™. Figure 4-1 shows the result of Tr-ARPES by
S. Zhu et al™, they conclude that the relaxation of photoexcited surface carriers in the
timescale of ~3 ps. However, the underlying surface state properties as well as
mechanism of the specific gapless surface state have not been particularly and
quantitatively clarified, yet. | will discuss briefly the relaxation processes of surface
electrons by comparing the present results with time- and angle-resolved photoemission
spectroscopy (Tr-ARPES).

Relaxation processes of excited carrier have also been investigated by using the
optical pump and mid-near IR probe reflective spectroscopy. The dynamics of
photoexcited electrons in n-type Bi,Se; was reported using the time-resolved reflectivity

measurement with near-IR (1.5 eV) pump and IR probe with the photon energy range
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from 0.09 to 0.15 eV by C. W. Luo et al™®. This probe photon energy of mid-IR was
much smaller than the band gap (~0.3 eV) and the plasma frequency (~0.68 eV)™!. In
the report, they indicate that the reflectivity depends on the doping levels of n-type
Bi,Ses single crystals. For the case of lower carrier density (n = 0.25 x 10¥cm™3), the
reflectivity was dominated by the free carrier absorption in the BCB and Dirac cone.
The relaxation process of excited carriers were revealed to pass the intervalley

scattering fromthe T to L valley.
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Fig. 4-1 Tr-ARPES images of reference™ in Fig. 2(c) Tr-ARPES images. Upper and lower
panels show Tr-ARPES and difference to that recorded before pump.
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In the present experiment, | carried out the time-resolved reflectivity
measurement on p-type Sbh,Te; using mid-IR probe light based on the results of previous
research, which might be avoid the free carrier absorption of BCB and the interband
transition. The probe photon energy is much smaller than the band gap of ~0.33 eV as
illustrated in Fig. 4-2. The optical pump pulses (800 nm, 1.5 eV) operated at a repetition
rate of 500 Hz and laser fluence of ~1.5 mW. The mid-IR probe pulse (4800—-10000 nm,
0.12-0.26 eV) was derived with pulse duration of 120 fs at a repetition rate of 1 kHz.
The incident pump and probe pulses are parallel to the sample along the ¢ axis, and
focused on a diameter of 240 um. The laser penetration depth of the pump light (1.5 eV)
was estimated to be about 19 nmi*?l. The carrier of this sample is estimated to be
7.63 x 101° cm™3 at room temperature. Figure 4-3 shows the experimental conditions

in comparison with previous research®.

p-type SbhaTes

energy gap
0.33eV b probe energy

,,,,,, Ll | 0.12ev~-0.26eV

k
I

Fig. 4-2 Image of optical pump (1.5 eV) and mid-IR probe (0.12-0.26 eV) experiments in
p-type Sh,Tes.
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4.2 Plasma frequency

Conducting materials like gold, silver and copper have higher reflectivity in the
far-infrared due to collective motion of free carriers: plasma oscillation. The plasma
oscillation plays the important role on cancellation of the charge of electric field
(so-called plasma frequency), so that the incident electromagnetic wave below the
plasma frequency cannot penetrate into the bulk, and that is mostly reflected near the
surface. Here, first of all, | measured a static reflectivity in order to decide the plasma
frequency of the prepared Sh,Tes single crystal. As mentioned earlier chapter (Fig. 2-10),
the minimum of reflectivity at photon energy of ~0.15 eV is so-called the plasma edge.
Usually, the reflectivity spectrum of topological insulator is analyzed in the context of a
conventional Drude-Lorentz model™*. A Drude part represents the electrical
conduction in the metallic surface state and a Lorentz part represents absorption in the

bulk state. The Drude-Lorentz model is expressed as

2,2 2 2 _ 2
sl=<soo &>+<1+ (w"’p (0" — @) ) (4.1)

Yy + V2 w? 02 — 02)2 + 22
B Yoptw wpTw 2
&2 =~ w? +y20? | (0o — 02)2 + M2w?’ (4.2)
€+ /&% + €2

2 _ z ) (4.3)
—&; +/€12 + &2

k= (4.4)

_(n—1)2+k2 45

~(n+ 1% +k¥’ >)

where €, and €, are respective real part and imaginary part of material permittivity,
£s IS the high frequency permittivity, w is the angular frequency, w, is the plasma
frequency, w, isthe absorption energy, yand I' are the relaxation frequency of Drude
and Lorentz part, respectively. By fitting the reflectivity spectrum (Fig. 2-10) with Eq.
(5.5), the parameters were obtained as follows: &, = 50, w, = 1.08, y = 0.045,
wo = 0.33 and I' = 1. The direct band gap for Sb,Te; is experimented ~0.33 eV at
room temperature as shown in chapter 2, Fig. 2-7. Here, the plasma frequency (w,,) can

be written as
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where m* is the effective mass, N is the carrier density, q is the electronic charge, and
€y IS the vacuum permittivity. That is the carrier effective mass is expressed as
_ N¢®

whey

*

m

(4.7)

The effective mass is obtained to m* = 27 x 10731 kg, which is three times as heavy
as the free electron rest mass ( my = 9.10938 x 10731 kg ) due to the fact that the
heavy hole carriers.

4.3 Results and Discussion

Figure 4-4 shows typical examples of reflectivity change as a function of time
delay measured with probe photon energy range at (a) 0.12, (b) 0.13, (c) 0.15, (d) 0.16,
(e) 0.20, and (f) 0.26 eV. For the case of low photon energy (0.12 eV), the signal
definitely presents a negative peak as shown in Fig. 4-4(a). However, the signal changed
to a positive peak for the high photon-energy (0.26 eV) case as shown in Fig. 4-4(f). As
a result, it found that the initial responses within ~1 ps vary according to the probe
photon energy. In addition, the reflectivity signals included two-step of the relaxation
process both fast decay (At ~ 2 ps) and slow decay (At ~ 10 ps).

Figure 4-5 showed the change rate of reflectivity (AR) as a function of time
delay in the photon energy range from 0.12 to 0.26 eV. The positive and negative
change is found for the probe photon energy at lower and higher than the plasma edge,
respectively. There are some mixed signals around the plasma edge of ~0.15 eV. The

reflectivity signals significantly change at (At =1 ps), and recovered within 10 ps.
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Fig. 4-4 Transient reflectivity change (AR/Ro) at the photon energy of (a) 0.12 eV, b) 0.13 eV,
(c) 0.15eV, (d) 0.16 eV, (e) 0.20 eV, and (f) 0.26 eV.
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Fig. 4-5 Difference of reflectivity spectra (AR) of Sh,Tes as a function of energy and time delay.
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In general, the photoexcitation changes carrier density when the light energy is
higher than the band gap. As a result, the plasma frequency changes in proportional to
the carrier density (see Eq. (4.6)). | simulated the reflectivity spectra with changing the
plasma frequency using a Drude-Lorentz model. The red line in Fig. 4-6 presents the
reflectivity spectrum with original plasma frequency (wp, = 1.08). In the case of
increasing the plasma frequency of w, +Aw = 1.08+ 0.1 leads to the blue-shift
(purple line) of the reflectivity spectrum (R), while the case of decreasing the plasma
frequency of w, —Aw = 1.08 — 0.1 leads to the red-shift (green line) of R. At higher
or lower carrier density, the plasma edge shifts to the higher or lower frequency side
compared to the pristine sample, respectively. The differential spectrum shows negative
and positive at lower and higher frequency side from the original plasma edge, when the
carrier density decreases. Theoretically calculations show that the reflectivity signals of
both positive and negative associated with probing photon energy can be explained
merely a plasma frequency change.

Reflectivity

AR

1 1 1 1
0.0 01 0.2 0.3 0.4 0.5

Photon energy [eV]

Fig. 4-6 Reflectivity spectra dependence of the plasma frequency (upper) and difference of the
reflectivity (down); original plasma frequency (w, = 1.08) (red line), increased plasma
frequency (wp + Aw = 1.08 + 0.1) (purple line),
and decreased plasma frequency (w, — Aw = 1.08 — 0.1) (green line).
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Fig. 4-7 Reflectivity spectra at a pump-probe delay times (At = -3-10 ps) as a function of probe
photon energy.

Figure 4-7 shows reflectivity spectra at several different pump-probe delays as
a function of probe photon energy. It is clearly shown that the reflectivity spectra shift
toward low energy side after photoexcitation. The reflectivity spectra were dominantly
determined with the carrier density due to photoexcitation, and it was predicted by all
results in this mid-IR experiments that the carrier density decreasing in spite of
photoexcitation (i.e., plasma frequency was redshift) as mentioned above. These
reflectivity spectra were analyzed with Eq.(4.1)—(4.5) operating the plasma frequency

(wp).
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Figure 4-8 shows fitting of the reflectivity spectra with Eq.(4.1)—(4.5) in the

context of a Drude model. The plasma frequencies at each delay were obtained:
w,=1.080 at -3 ps, w,=1.054 at 1 ps, w,=1.060 at 2 ps, w,=1.063 at 3 ps, w,=1.068
at5ps, w,=1.074at 7 ps, and w,=1.080 at 10 ps. The plasma frequency decreased just

after the pump pulse irradiation (<1 ps) and recovered within ~10 ps.
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Fig. 4-8 The reflectivity spectra and fitting curves with using a conventional Drude-Lorentz
model. The fitting parameter of plasma frequencies at each delay: w,=1.080 (At =-3 ps)
wp=1.054 (At =1 ps), w,=1.060 (At=2 ps), w,=1.063 (At =3 ps), w,=1.068 (At =5 ps), and
w,p=1.074 (At =7 ps).

The previous research of n-type Bi,Se; studied by C. W. Luo et al.™®, in GaAs

studied by N. A. van Dantzing et al.**, and in InP studied by P. N. Saeta et al.™! were

indicated an intervalley scattering leading to the redshift of the reflectivity. However, in

the present experiment, the redshift was predicted to cause by decreasing of the plasma

frequency due to the deduction of carriers. Figure 4-9 shows the plasma frequency as a
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function of delay analyzed with Drude-Lorentz model (Fig. 4-8). There is a slightly
difference between before and after photoexcitation around 0.025 eV. Because the
plasma frequency is proportional to carrier density, it can be rewritten as the change of
carrier density.

1.080

1.075

1.070

1.065

[,;. 0TI NV

1.060

Plasma Frequency [eV]

1.055

Delay time [ps]
Fig. 4-9 Photoinduced plasma frequency shift and carrier density changes (AN) as a function of
delay time analyzed with Drude-Lorentz model.

Figure 4-9 shows the carrier density change as a function of delay. It is found
that the relaxation process was composed of two time constants. The first process occurs
within At ~ 1-3 ps, followed by a slower relaxation during At~ 3-10 ps. The second
relaxation was analyzed with a single exponential and the decay time was estimated to
be T = 3.3 ps. This relaxation is faster than the common semiconductors such as GaAs
(t ~ 1 nst*®). Here, this faster decay time compares with graphene, which is also having
a Dirac-cone-type dispersion, the relaxation processes of photoexcited carriers in the
graphene have two distinct time scales; 7, = 70 — 120 fs, 7, = 0.4 — 1.7 psi*". Then,
the decay time of topological insulator Sbh,Te; is about two times longer than that of
graphene, but both of them are enough faster than any other materials (nothing
Dirac-cone-type dispersion). Therefore, | conclude that the faster relaxation time of
Sh,Tes implies a characteristic of topological insulator having a Dirac cone surface state,
like similarly to a graphene.
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4.4 Summary

The change in reflection spectrum after the pump pulse irradiation is explained
in terms of a change in carrier density in the bulk valence band (BVB). Figure 4-10
shows schematic of this process. For the pristine sample (before the pump pulse
irradiation), the IR-pulse reflection is governed by scattering due to holes in the bulk
state, because the pristine sample in the p-type Sb,Tes; (process A). When the pump
pulse (1.5 eV) irradiates the sample, photo absorption occurs and electrons at the
deep-energy level in the valence band are excited to the conduction band (process B).
The generated holes interact with electrons in non-equilibrium condition just after the
photoexcitation and electrons just slightly below the Fermi edge is excited above the
Fermi edge. Thus the effective density of carriers near the surface, which can scatter the
IR pulse, decreases. This type of electron excitation is also reported by the Tr-ARPES.
The decrease of the effective carrier density may correspond to decrease of the plasma
frequency after the photoexcitation. The electrons in non-equilibrium state relax to
below the Fermi edge within 1 ps (process C). In addition, the photoexcited electrons
relax through the surface band to the BVB within 10 ps (process D). Without the surface
state, the relaxation of the photoexcited electrons in the conduction of the photoexcited

electrons should be very slow (in nanosecond region).
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Fig. 4-10 Illustration of the photoexcited relaxation process of p-type Sh,Tes.
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Chapter 5.

General conclusion

In this dissertation, | studied ultrafast dynamics of photoexcited electrons and
coherent phonons in the topological insulators (Sb,Tes, Bi;Te; and Bi,Ses) by using
femtosecond time-resolved near-IR and mid-IR reflectivity measurements. The
dynamics of Raman active optical phonons (E4', Egz, Ag', and Algz) have been
investigated. Amplitude of these coherent phonons strongly depends on polarization of
an excitation pulse. Fine tuning of the polarization enables the observation of even E4'
phonons, which have a smaller amplitude (10”) and a shorter decay time (<1 ps). The
frequencies and decaytimes of all the Raman active optical phonons are summarized in

Table 5-1. These coherent phonons are generated by interaction with photoexcited

electrons, thereafter decay within 4 ps.

Table 5-1 Parameters of coherent phonons in Sh,Tes, Bi,Tes, and BiSes,

mode Egl Aggl Eg? Aig?
[THz]  [ps]  [THz]  [ps]  [THz]  [ps]  [THz]  [ps]
ShaTes 1.2 <<l 2.0 2.6 3.3 14 5.0 1.4
BizTes 1.2 <<1 1.8 4.1 3.0 2.9 4.0 11
Bi:Ses 1.2 <<1 2.1 3.2 3.9 1.0 5.1 0.9
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The dynamics of photoexcited topological insulators p-type Sb,Tes has been
studied by using the transient mid-IR reflectivity (0.12-0.25 eV). The time evolution of
the photo-excited carrier density (hole) was determined by analyzing the transient
reflection spectra by using the Drude-Lorentz model. In this experiment, the transient
reflectivity changes are affected by the change of hole carrier in the bulk-valence band.
Therefore what | observed in this experiment is a relaxation process through a Dirac
cone surface state of photoexcited electrons.

Finally 1 found the photoexcited dynamics is as following: electrons excited in
the bulk-conduction band relax to the band edge within 4 ps by interacting with optical
phonons. The generated holes in the bulk-valence band are occupied by topological
surface electrons (Dirac Fermions) via auger electron transition. Thereafter, the excited
electrons go back to the bulk-valence band within 10 ps via recombination of holes with
electrons relaxed through a Dirac cone surface state. The faster relaxation time
(t = 3.3 ps) implies a characteristic of topological insulator having a Dirac cone surface
state, like similarly to a graphene.
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Fig. 5-1 Hllustration of the photoexcited relaxation process of p-type Sb,Tes.
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