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Introduction

Solid-state physics at the nanoscale has attracted considerable scientific and industrial interest
over the past century. Today, we see an exponential increase in the amount of data generated,
stored, and transmitted both locally and all around the web. However, in addition to the ever-
increasing computational complexity, the question of the most powerful, robust, and energy-efficient
core for future electronics remains unanswered. As chipmakers relentlessly pursue Moore’s Law,
advances in pulsed femtosecond lasers have allowed scientists to study physical processes six times
faster than the clock speed of the best processors on the market. Ultimately, the rapid development
in ultrashort lasers has defined new research directions in nanophotonics, solid-state physics, and
spintronics. Therefore, understanding the ultrafast coupling between electrons, phonons, and spins

in nanostructures is vital for new promising solutions to the numerous technological challenges.

Radio Wave - Electronics *f}\ TeraHertz // Photonics + Nano Technology
\\ /
Increasing 300000 pm 30000 pm 3000 pm \ 300 pm 30 pm // 3 um 300 nm 0.3 nm
wavelength ¥ v v v v / v v v
microwave mm wave sub mm wave‘ ). ) | visible
A A A " A \
frequency 0.001THz 0.01THz 0.1THz /0 1THz 10THz “\‘ 100THz 1000THz 1EHz

(B

Z N\

Z N

Figure 1 — Shades of the electromagnetic spectrum. From nict.go.jp website.

Today, we routinely use the microwave part of the spectrum (up to 300 GHz) for communi-
cation, remote control, and radar technology. In addition, we have mastered the production of
electromagnetic waves in the infrared, visible, ultraviolet, and radiographic range, widely used for
security, optical imaging, memory, and cancer treatment, to name a few. However, until recently, it
was challenging to generate light in the so-called terahertz (THz) range (300 GHz-40 THz), which
is very promising for the fundamental research and industrial applications. In particular, the THz
frequency range is fascinating for scientific applications, as these frequencies resonate with col-
lective modes of matter, such as the vibrations of molecules or crystals, collective spin excitation
(magnons), or the motion of the free electrons [1]. For instance, the large amplitude THz transients
generated by intense mid-infrared femtosecond pulses can be tuned in resonance with the infrared

active vibrational modes inaccessible by thermal, mechanical, or optical excitation [2]. To explore



2 INTRODUCTION

such intricate THz-matter interaction, developing the efficient, broadband, and tunable source of
the pulsed THz radiation is a priority task. For example, it has been shown that femtosecond laser
illumination of nm-thick magnetic heterostructures with strong spin-orbit interaction can lead to
broadband THz emission with a tunable polarization state [3]. Furthermore, the selective control
over subtle modulations of the matter’s vibrational, electric, and magnetic properties, possibly
achievable with the THz, is of particular interest for high-performance and low-power electronics.
This thesis will contribute to both aspects of THz physics: the excitation of vibrational modes of

a solid with THz pulses and the characterization of the promising spintronic THz emitters.

The first part of this thesis will be devoted to the experimental study of the coherent generation
of acoustic phonons with picosecond pulsed THz radiation. Using ultrafast nonlinear spectroscopy
in a pump-probe geometry, we will study the transient response of metal films (Cr, Al) and a
narrow bandgap, n-doped topological insulator (BizTes) at the picosecond time scale. Through a
quantitative comparison between terahertz (4 meV) and near-infrared (1.5eV) excitation, we will
show that the acoustic phonon generation process in thin metal films with THz is mainly driven
by thermoelastic stress caused by the ultrafast Joule heating of the lattice. To the best of our
knowledge, it is the first demonstration of the THz-driven coherent acoustic phonons in metals

and narrow-band semiconductors.

The following discussion will focus on the rich lattice dynamics when the terahertz pulse excites
the BisTes nanofilm. We will demonstrate the non-resonant generation of coherent Raman active
phonons, with frequencies up to five times higher than the center frequency of the driving THz
pulse. Thus, this work contributes to the description of emerging nonlinear solid-state phononics
and discusses different physical mechanisms of the selective control of the lattice vibrations with
THz light.

The third cornerstone of this thesis aims to detect the ultrafast signature of the spin-charge
interconversion due to the spin transport in the bulk of CoFeB combined with the injection-
based spin-to-charge conversion mechanisms. In particular, the study will be focused on the sub-
picosecond dynamics of the recently discovered Rashba-split band structure at the CoFeB/MgO
interface [4]. Therefore, this thesis will try to probe the THz emission due to the ultrafast inverse
Rashba-Edelstein conversion within the CoFeB/MgO bilayers. Among the results, we will show
that the inverse Rashba Edelstein effect is sensitive to the pump photon energy, which opens

exciting perspectives for ultrafast spintronic emitters.

The manuscript is constructed as follows. Chapter 1 will touch on the fundamentals of solid-
state physics, including electron, phonon, and spin properties, basics of electromagnetism, and
nonlinear optics. Chapter 2 is dedicated to the presentation of the experimental methods and
techniques. Finally, the Chapters 3 and 4 present the results about coherent phonon excitation
with pulsed THz radiation and ultrafast spin-to-charge conversion, respectively. We will then
conclude this manuscript with a general summary of this thesis’s main achievements and prospects

for future work.



Chapter 1

Theoretical background

Contents
1.1 Imntroduction . . . .. . . . . @i i i i i i i ittt 3
1.2 Atoms, electrons, and spins in condensed matter . . ... ... ... 4
1.2.1 Tonic subsystem . . . . . . . . ... 5
1.2.2  Electronic subsystem . . . . . . . ... ... oL 8
1.2.3 Spinsubsystem . . . . . ..o 13
1.3 Light-matter interaction . . ... ... ... .. ... ..., 20
1.3.1 Optical properties and dielectric function . . . . .. .. ... ... ... 20
1.3.2 Polarization, reflection, and transmission of an electromagnetic wave . . 32
1.3.3 Temporal evolution of optical properties . . . . . . .. ... ... . ... 35

1.1 Introduction

Back in 1912, M. Laue proposed a rather simple experiment (Fig.1.1a) and observed the X-Ray
interference due to the crystalline nature of a sample, for which he was awarded the Nobel Prize
in 1914. One hundred years later, thanks to the progressively increasing knowledge and scientific
interest in the condensed matter physics, we developed some remarkable solid-state devices such as
transistors, semiconductor lasers, optical fibers, lithium batteries, liquid crystal display, and many

others.

Here, we introduce the baseline theory necessary for discussion of the following chapters. This
chapter will start with the notions about the arrangements and properties of atoms, electrons, and
spins in solid matter. Next, the basics of the light-matter are explained with the definition of the
electromagnetic wave, optical properties of the material, and second-order nonlinear processes in
crystals. At the end, a brief description of the temporal coupling of light with the electrons, atoms,

and spins will be given.



4 CHAPTER 1. THEORETICAL BACKGROUND

a) b)

a) Famous x-Ray diffraction experiment that was proposed by Max von Laue and performed by Walter
Friedrich and Paul Knipping, exhibit at Deutsches Museum in Munich [5]. b) Rock salt crystal. The
periodical arrangement of the Na and Cl atoms on the lattice is responsible for the electronic, phononic

and magnetic properties of the NaCl. From Wikipedia.

Figure 1.1 — Ezperimental setup proposed by Maz von Laue and NaCl crystal (rock salt).

1.2 Atoms, electrons, and spins in condensed matter

a)
L~
SC BCC FCC
b) ¢ 4 c)
(110 110)
b b
a77(100) 477(020) 5
c c
(110 110)
b b
a""7(200) a-"7(002) 4

a) Bravais lattices with cubic symmetry: simple cubic (SC), body centered cubic (BCC) and face
centered cubic (FCC). Redrawn from "Physics in a nutshell". b) Miller indices for different crystal
planes. ¢) Projection down the c-axis, showing all four equivalent 110 planes. Adapted from [6]. d)

Bravais lattice of the Zinc-Blende ZnTe crystal. e) (110) oriented ZnTe crystal plane.

Figure 1.2 — Three cubic Bravais lattices, Miller indices for different crystal planes and Bravais lattice
of ZnTe crystal.

First, we will define what the ideal crystal is. The ideal three-dimensional (3D) crystal can be
imagined as a periodic array of elementary building blocks, i.e., atoms or a group of atoms, that
is called the basis (red circles on Fig.1.2a). The set of mathematical points (coordinates) to which
the basis is attached is called the lattice [7].

3D lattices, due to the point symmetry, form 14 different lattice types in total: in addition to
general triclinic, there are 13 other lattices named by the corresponding unit cell type. These 14
lattices are called Bravais or direct lattices. For example, 3 possible configurations of the cubic

lattice are shown in Fig.1.2 (a).


https://commons.wikimedia.org/wiki/File:Rock_salt_crystal.jpg
https://www.physics-in-a-nutshell.com/article/6/symmetry-crystal-systems-and-bravais-lattices

5 CHAPTER 1. THEORETICAL BACKGROUND

The next important notation is the crystal plane orientation. The set of parallel planes that
intercept the crystal unit-cell can be noted as (hkl), where Miller’s indices h, k, and [ define the
point of intercept on the given crystal axes a, b, ¢ at position 1/h, 1/k and 1/I respectively. The
example of the crystal plane notation using Miller indices is shown in the Fig.1.2b. Usually, the
reciprocal values of h, k,l are reduced to the set of integers with the least common multiplier. If
plane cuts the axis on the negative side, the corresponding negative index is then noted as h, k, [,
as seen from Fig.1.2c. The type of Bravais lattice combined with the crystal plane orientation can

affect the combination of the solid matter’s elastic, electronic, magnetic, and optical properties.

1.2.1 Ionic subsystem

Phonon dispersion relation

M;<M,

Frequency, w

Acoustical mode

—— Acoutical branch
—— Optical branch

Optical mode —n/a m/a

0
k
a) Diatomic crystal chain and transverse optical and acoustical waves. Vectors vn, un denote the atomic
displacement along the acoustic wavevector k of ions with masses M; and Ms respectively. C is the

spring constant, a is the lattice repetition rate. b) Phonon dispersion relation for the diatomic crystal

2 2
chain. So called phononic bandgap, defined as VC — ﬁc, defines the region with no solutions to the
V My | Mo

atomic equation of motion.

Figure 1.3 — Diatomic crystal chain with respective transverse acoustical and optical waves and its

dispersion relation.

The 3D crystal is built with an ever-repeating pattern of atoms. For simplicity, within the
harmonic potential approximation let us consider an infinite 2D diatomic chain, where two atoms
with masses M7 and M, lie on the plane, tied together with the elastic force constant C. This
two-atom basis has the repeat distance a as shown in Fig.1.3a. We assume that each atom interacts

only with its nearest neighbors. Therefore, the simple equations of motion for the ions in the chain

reads:
d?u,,
1Yn = C(vn + vp—1 — 2uy);
d2’l) ) (11)
Mg—n = C(un+1 + Uy — Q’Un)

dt?
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a) Phonon dispersion relation of a ZnTe crystal. Hollow symbols are experimental points, and lines are
theoretical calculations. From [8]. b) First Brillouin zone of the FCC lattice, with high-symmetry points.
From Wikipedia.

Figure 1.4 — ZnTe phonon dispersion curve and first Brillouin zone of the FCC lattice.

and we will look for the nontrivial solutions in the form of the wave with respective amplitudes
v and u:
W = ueinkae—iwt. T Ueinkae—iwt (1 2)
n - ’ n — . .
Given the periodicity of this classical diatomic chain, we can apply the periodic boundary condition

(Born-von Karman):
ePNa — 1, (1.3)

where N is the number of lattice repetitions, that defines the total chain length as L = Na.
Solution of this boundary condition for k returns the value for the edges of the first Brillouin zone,
containing all unique values of atomic vibrational frequency w. If we substitute Eq.1.2 in Eq.1.1

we find solutions for w?:

Wgc: ¢ <M1+M2—\/M12+M22+2M1Mgcos(ka));

M Mo, »
w5 S M,y + M +\/M2+M2+2MM cos (ka)
opt M1M2 1 2 1 2 14Vig .

These solutions tell us about the frequency range of the permitted oscillations of the crystal within
the first Brillouin zone, called phonon dispersion curves are referred to as an acoustical and optical
branch, and are shown in the Fig.1.3b. Within the acoustical branches, two atoms oscillate in
the same phase, following the similar pattern of the sound wave. For the optical branch, two ions
oscillate out of phase. Such vibration can be imagined as the action of electromagnetic (EM) waves

on the two dipoles with opposite charges [7], hence the optical branch name. Optical and acoustical

2 /2
branches are split by the amount of ¢ MC at the edge of the Brillouin zone, defining the
2

M,
range of forbidden vibrational frequencies within the crystal, named phononic bandgap.
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The example of the phonon dispersion curve of a ZnTe crystal is shown in Fig.1.4a. ZnTe
has fcc lattice and is from F43m [216] space group (Hermann—Mauguin notation), also known as
Zincblende. The 3 degrees of freedom (x,y, z) of each atom allow for 3p vibrational modes in total,
where p is the number of atoms per unit cell. ZnTe phonon dispersion curves have 3 (1 Longitudinal
(LA) and 2 Transverse (TA)) acoustical modes, where the remaining 3p — 3 will be reserved for
Longitudinal (LO) and Transverse (TO) optical phonon branches. Along the strong symmetry
axes (I'X, T'L, see Fig.1.4b), due to the degeneracy of transverse branches, we can observe only
4 modes: TA, TO, LA and LO. If we move perpendicularly to the (110) crystallographic plane,
i.e., along [110] direction, TO and two TA branches lose that degeneracy, resulting in 3 x 2 = 6

predicted vibrational modes in total.

Lattice heat capacity

The quanta of lattice vibrational energy is called a phonon. Energy of a given elastic mode,
occupied by ng phonons (n phonons within the branch s) with frequency ws and wave vector k
defined as:

€5 = (s + 1/2)lws (k). (1.5)

Therefore, the total vibrational energy of the crystal could be simply expressed as the sum over

all discrete energy values for all existing phonon normal modes:

Epn =Y (n + ;)hws(k:). (1.6)

s,k

Phonons are bosons. The mean number of phonons that occupy ns(k) energy state at given

temperature T can be approximated with Planck distribution:

1

hws(k)} _ 1’

eXP[ k5T <1.7)

(ns(k)) =

where kp is the Boltzmann constant. This distribution tells us that high-k states are more likely
to be occupied at higher temperatures. Knowing the thermal distribution of the phonon modes,

we can write the generalized expression for the crystal vibrational energy density [9]:

Uph = Ueq + % ;ms(k) + ékz (ns(k)) hws(k), (1.8)

s

where U,q is the lattice energy at equilibrium (T" = 0), and the second term corresponds to the
zero-point vibration of the lattice mode s. The third term introduces the temperature dependence

of Upy,. Finally, we can define the lattice heat capacity cr,, at constant volume as:

o — <Bg;h>v _ é;;ﬁr%(k»ms(k)? (1.9)
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showing the temperature dependence of c¢;. For given temperature range, there are different
approximations for cy. For the majority of crystals at 7" > 300K, one can use the law of Dulong
and Petit (c;, o« 3kpns/V). At low temperatures Debye approximation (c;, o T°) assumes that
only low-w acoustical modes are excited. This makes phonon frequency ws directly proportional
to the wavevector k, resulting in a constant sound velocity. While Debye approximation works for
acoustical branches, Einstein approximation is usually chosen as a first approximation to describe
the energy contribution of optical phonons to c¢z,. Both Debye and Einstein laws are designed to
work within specific temperature range, and still, they both converge to the classic law of Dulong
and Petit at high temperatures [7]. For the considerable number of the phonon modes, one can
replace the sum over k in the Eq.1.9 by an integral, saying that crystal has D4(w)dw modes in the

frequency interval [w,w + dw] and in the branch s:

q:%z/m@mgmmmem (1.10)

1

where D,(w) is the phonon density of states. In its general form, Ds(w) ox — where v, is the
Vg

phonon group velocity, also known as the speed of sound.

1.2.2 Electronic subsystem

When considering the electronic Hamiltonian with a constant potential (even zero by selecting
a specific energy scale), the electron wave function becomes that of a free electrons’ Sommerfeld

model with parabolic electron dispersion relation:

B2 k>
€ =

1.11
— (111)

where m is the mass of the electron in vacuum. Adding some periodic boundary Born von Karman
condition, we obtain the quantization of the wave vector and the associated energy. The surface

at a constant energy, plotted in the k space, defines the Fermi sphere.

In reality, the periodic arrangement of the lattice and its translational symmetry invariance
highly impact how the electron behaves inside the crystal. The electrons are indeed affected by
the periodic potential generated by neighboring electrons and lattice ions that leads to specific
electron-ions interaction, creating some "gaps' in the electronic band structure. The eigenfunction
of the electron, or Bloch wave, is written as the plane wave having periodicity defined by the

Bravais vectors R [9]. The electron wave functions become:

Uy k(1) = €F T, g (1), (1.12)

where k is the electron wave-vector, and n; is the so-called band index. The lattice periodicity is

represented by the term w,, () with the symmetry invariance:

unb,k(r + R) = un;,,k("'% (113)
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a) Schematic band structure of metal and insulator. Metal shows free-electron-like parabolic dispersion
relation at T=0K, with partially filled conduction band. Insulator has a band structure with Fermi
energy Er inside the band-gap. This results in a non-conducting behavior at T=0K. b) Electronic band
structure of ZnTe, calculated with "nonrelativistic Ceperley-Alder exchange-correlation." Dashed lines

show doubly-degenerate bands; Shaded areas denote the fundamental band-gap region. From [10]

Figure 1.5 — Schematic electron band structure of Metal and Insulator and ZnTe electron dispersion

curve.

and the periodic potential

Unyie(1) = Uny k(7 + R). (1.14)

This impinges the same periodicity on the electron wave function with 1, x(r + R) = e*By,,, (7).

The time-independent Schrodinger equation for the electron in a periodic potential reads [9]:

2
H ) = (=507 4 U l0) ) s ) = € (1), (1.15)

where the set of eigenenergies €, j, associated with the basis of the Bloch wave functions establish
the electronic band structure of the crystal (see Fig.1.5a). In the case of metal at 7' = 0K, some

electron bands are partially filled up to a specific energy level, so-called Fermi energy Ep.

In another possible configuration, electrons completely fill a certain number of bands (valence
bands), leaving others empty (conduction bands), with Er positioned in between. Material with
such an electronic configuration is called an insulator. The difference between highest occupied
and lowest unoccupied electron levels is defined as band-gap energy F,. At some specific points
of the Brillouin zone (called valleys), the approximation of parabolic dispersion also usually works

for semiconductors [9], with:

h2k?
- 2mz’

e(k) (1.16)

where m} is the effective mass that is defined by the curvature of the electron band. m} is related

2
to the change of electron group velocity along the wave vector k with m* = 1/ aaek(f ) and can

be positive (electron) or negative (holes) at the Brillouin zone center of GaAs for instance. In
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a) Fermi-Dirac distribution of metal for the different temperatures. Here, the chemical potential u is
equaled to Er, which is usually true for 7= 0 K. For an insulator, u is chosen to lie equidistantly from
the bottom of the valence and top of the conduction band. For an intrinsic semiconductor, if

e=p, f(€) =1 [7]. At kgT> > E,, the electron is promoted from the valence to conduction band,
creating an electron-hole pair, resulting in conducting behavior. b) Electron and hole density of states
(orange), Fermi-Dirac distribution f.(€) for the electrons (blue). Hole distribution f,(€) is inverse to the
one of electrons. The product of the electron-hole density of states and Fermi-Dirac distribution for an

insulator, in the parabolic band approximation, is shown in red. Adapted from Wikipedia.

Figure 1.6 — Fermi-Dirac distribution of the metal and insulator, and density of states for an insulator.

that case the free-electron "picture" is then useful. However, such parabolic approximation does
not hold for the whole Brillouin zone [9]. The electron dispersion relation, accounting for the
lattice periodicity, generally leads to a rather complicated electronic band structure, with Fig.1.5b

showing the electron dispersion relation of a ZnTe crystal.

Statistics. Fermi-Dirac distribution

Electrons are Fermions, so they obey the Pauli exclusion principle. At T'= 0K electrons will
fill the energy bands up to the EFr. For T' > 0K, the distribution of thermally activated electron
can be described by the Bose statistics [9]:

1
" 1+ exp[(e(k) — w)/kpT]’

flenT) (1.17)

where p is the chemical potential, and at 7' = 0K, u approaches the value of the Fermi energy
Er. This distribution show that thermally activated electrons will gradually occupy higher energy

states with a discrete interval of ~ kg7, as shown in Fig.1.6a.

Electron density of states. Heat Capacity

If we assume the parabolic shape of the electron dispersion relation (Sommerfeld model), we
can write a rather simple expression for the electronic density of states (DOS). For the metal, it

will take form:

ret(e) =22 = 2 <m)ﬁ (1.18)

de w2


https://en.wikipedia.org/wiki/Density_of_states
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when for the semiconductor it will be:

(1.19)

3
dn 1 /2mi\?
sc _ = /e — F.-
pe(e) de 27r2( h? ) ¢ ©
3
dn 1 /2m7\?2
vt =5 =50 (5) VB

e 272

where m} and mj, are the effective mass of electron and hole, respectively; E. is the energy of
the top of conduction band, and FE, corresponds to energy at the top of the valence band. In
metals, knowing the electron density of states, one can express the total electronic energy per unit

of volume:
U. :/ ep™ " (€) f (€)de. (1.20)
0

To get the electron energy density for an insulator, one needs to account for the electron and
hole density of states and adjust the integration boundaries for these two contributions. The

temperature dependent Fermi-Dirac distribution implies the temperature-dependent electron heat

o = (%Zf)v. (1.21)

The electron heat capacity ¢, dominates the lattice heat capacity cy, for metals at low temperatures
only when Er > kpT. A derivative of Eq.1.21 leads to the linear relation c.(7.) = AT with

capacity, defined as:

electron thermal conductivity A\, = 96.6 J.mol~!.K~2 for copper for instance. For semiconductors,
c. contribution to the heat capacity of the crystal dominates c¢;, only in the high-temperature

regime, when EFp < kg7, although not many materials can support that.

Electrical conductivity in the semi-classical approach

Let us picture the Fermi surface of a crystal centered at the origin of k space, as shown in
Figl.7a. In the ground state, the net electron momentum (m.v = hk) is zero, since for every

electron orbital at k; , there is an occupied opposite electron state at —k, ,. In the presence of

an external electric force F = —¢E acting on these electrons, the second law of motion reads:
dk, dv,
—eE, = h—2% = m, 2. 1.22
Fe =g T (1.22)

Over time t, each electron will experience the equivalent displacement in k-space, as shown in
Fig.1.7b, and the total shift of the Fermi surface could be written as:

—eE t

0k, = 3

(1.23)

After the electric field is lifted, the electrons will return to equilibrium. The electron momentum,
gained in the presence of E, can be dissipated via collisions with phonons, lattice imperfections and

impurities. We can define the characteristic time ¢ = 7. during which the electrons will maintain
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Circular Fermi surface of a 2D metal, with dots being the occupied free-electron states. a) Without
applied field E the net momentum zero, since for each electron state (kz, ky) there is an electron at
(—kz, —ky). b)With —eE, force applied on the electrons, Fermi surface will be shifted (red circle) from

its initial position (dotted circle), gaining the increase of electron momentum dp, = ok,

Figure 1.7 — Shift of the circular Fermi surface under the presence of the electric field.

the §k, shift of the Fermi surface. Therefore, the density of electric current generated under the
action of E, is [7]:
. e’nr.
j=-enw,=——E,=0cE,, (1.24)
€
which is the definition of microscopic Ohm’s law, with o being the conductivity of the metal and
Te is electron scattering time. For the conductivity of the semiconductor, one needs to account for

the contribution of both electrons and holes:

e’nt,  €*hm,

R + , (1.25)
me mp

where 7, and 7, are the electron and hole collision time, respectively.

We then can explore the total amount of kinetic energy gained by the conduction electrons.

With change of electron momentum %idk,, change in kinetic energy per unit volume is:

(hdkz)> 1me 5 1 5°
(SU]C = nTm = 56271] = 57'3?. (126)

The total density of absorbed energy by the electron subsystem will then read as:

ouU, 1
Wk:ik:i'z -1

1 .2
= - 1.2
ot J P (1.27)

2

with resistivity p = o¢~!. This is a microscopic analogy of the well-known Joule heating process,
saying that the electrical current generated by the motion of the charge, and it will contribute to

the increase of the internal energy of the crystal.
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a) Depiction of atomic orbitals in molecules and solids. The principal quantum number n identifies
electron shell when electrons with the identical orbital quantum number [ from the subshell. The way
electrons fill in shell and subshell levels is indicated by the arrows above. For example, because of the
lower energy state, the 4s orbital fills before the 3d. Image is taken from Encyclopedia Britannica. b) (1)
Classical view of the spin-orbit interaction. E generated by the nucleus in the rest frame of moving
electron will transform into magnetic field Bs,, interacting with electron spin. (2) LS coupling of orbital

and spin angular momenta for atoms with Z < 10.

Figure 1.8 — Sketch of electronic states in an atom and electron spin-orbit interaction.

Another important value related to the electron scattering time 7. is the distance electrons

traveled between the collisions, namely the electron mean-free path:
A=v,7e. (1.28)

Usually, the electron velocity v, is defined in terms of Fermi velocity vp, which accounts for the
curvature of the electron dispersion band. However, in the case of free-electron gas approximation,
the average thermal electron velocity <vt2h> is proportional to the increase of system kinetic energy

by amount %kBT/me.

1.2.3 Spin subsystem

The electron state in an atom can be described with 4 quantum numbers: principal quantum
number n, orbital quantum number [, magnetic quantum number m;, and spin quantum number
ms. Electrons with the same n form an electron shell, and the principal quantum number can take
integer values from 1 to 7. Orbital quantum number [ defines an electron subshell within electron
shell n, having n possible values from 0 to (n — 1), as shown in Fig.1.8a. Hund’s rules describe
the population of electron shells and subshells. [ defines electron orbital within a subshell, and my
gives a projection of the orbital angular momentum I on the given axis. Values of m; are integers
in the range [—[;1]. ms gives the axis projection of intrinsic electron angular momentum, called

spin 8. For an electron, mg can take the fixed values of +1/2, when two orientations of s along the
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given axis are referred to as spin-up and spin-down. In quantum mechanics, components of spin

angular momentum operator § obey the following commutation relation [11]:
8, 85] = ihe;jrdk, (1.29)

with €5, being Levi-Civita permutation symbol. This permutation relation holds for orbital an-
gular momentum operator l as well. The eigenvalues of § are +//2. Two commuting operators
5, and 3° have respective eigenvalues of +hs and h?s(s + 1). Electrons’ orbital motion and spin

associated with respective orbital fi,,, and spin fi, magnetic moment operators as:

N UB 3 A HBYs
Horp = _?l; He = — n 387 (1.30)

where up = |e|fi/2m. is Bohr magneton with e being elementary charge and g is the Landé’s g-
factor. The electron total angular momentum operator 5 (Fig.1.8b2), and hence the total magnetic

moment operator are defined as:
j=58+1; fle = fig + . (1.31)

The first existence of the electron spin was confirmed experimentally by Stern and Gerlach [12]
in 1922, although the result of their experiment was misinterpreted. Researchers theoretically
introduced the intrinsic magnetic moment of the electron 6 years after Stern’s experiment as the

consequence of the relativistic corrections [13].

Spin-orbit interaction

In 1928 Dirac published the paper on the quantum mechanics, where he derived the relativistic

version of the Schrodinger equation, and introduced the spin-operators [14]. The relativistic single-
. tot

electron Dirac Hamiltonian in the symmetric potential, under the static magnetic field B ¢ , was

derived as [13]:
H=T+Tw+He+ Hp + Hso + Hy, (1.32)

The first two terms in Eq.1.32 are non-relativistic T and relativistic Trel corrections to the electron’s
kinetic energy. The next two terms are the potential energy of the electron in the nucleus potential,
i.e., Coulomb force H¢, and the so-called Darwin term Hp, arising from the relativistic fluctuations
of the electron’s potential energy. Interestingly, in the Dirac representation, the wave functions
associated with H are called spinors, and compared to vectors, they transform differently under

rotation in 3D space [13].

The fifth term, Hgo, describes the electron spin-orbit interaction, which helped explain the
doublets in the hydrogen spectrum observed by Michelson back in 1892 [15]. One can approach
the spin-orbit coupling term from the rest frame of the moving electron. The orbital motion of
the nucleus around the stationary electron is equivalent to the current loop that will generate

magnetic field Bgo o« E x v./c® (Fig.1.8b1). This magnetic field will affect the electron spin
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magnetic moment fis, introducing the coupling between the orbital and spin angular momenta of

a single electron. Generally, the spin-orbit Hamiltonian can be written as:

5-(B(#) x —2) = Asol - & (1.33)

with the speed of light ¢, electron band velocity v., and total electric field E experienced by the
electron. Here, A\go = ehE(r)/(2mc?r) is the spin-orbit parameter (in classical notation), and it

decreases rapidly with increasing nuclear distance [16].

There are two edge cases of angular and spin-orbital-momentum interactions. First one is known
as Russell-Saunders (LS) coupling, saying that the total spin angular momentum S = > 8 will
be coupled to the total orbital angular momentum L= > l;, as shown in Fig.1.8b2. LS coupling
is true for the atoms with a small nuclear charge Z, resulting in a weak spin-orbit interaction.
For heavy atoms, the individual coupling between the electron total angular momentum (JJ)
J =37, = 3.(si +1;) is stronger than the electrostatic (LS) interaction between them. Pure
JJ and LS interactions are rare, and spin-orbit coupling in atoms is regarded as the intermediate

case between the two.

The last term in the Eq.1.32 is the Zeeman interaction operator Hy:
Hzy=—-f.-B . (1.34)

It describes the interaction between the total electron magnetic moment and the static magnetic
field. All magnetic moments in a solid will align parallel to the external magnetic field only
when Zeeman interaction will compensate for the spin-orbit interaction. Therefore, the magnitude
of the external magnetic field used to align the magnetic moments may vary depending on the
crystallographic plane direction it is applied along. For example, to saturate the magnetization of
bee Fe, the magnitude of the magnetic field applied along the (111) direction (hard axis) will be
significantly higher than the one applied along the (100) direction (easy axis).

Since the Zeeman and spin operators do not commute ([ﬁ 7, 8] # 0), electron dispersion bands
in solids may exhibit spin-dependent behavior in the presence of intrinsic or external magnetic
field [17]. The latter will lead to the two derivatives of the Zeeman effect, known as Dresselhaus
and Rashba effects, that describe the creation of the spin-polarized electron dispersion curves in
solids [18]. The Rashba Hamiltonian, and its relation to the spin-to-charge conversion is discussed
in the Chapter 4.

Direct exchange interaction

Let us now consider the system with two electrons, namely a and b, interacting with positively
charged nucleus Ze. For simplicity, we will not account for the relativistic corrections. The
eigenenergies associated with single electron Hamiltonian H, and H, are assumed to be known,

and are E, and Ej respectively. The total Hamiltonian of a two-electron system can be expressed
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in a simple form:

~ A e2

Hap = Hy (1) + Hy(2) + (1.35)

4’/T60|’IA“1 - ’IA”2| ’
where the third term is the perturbation due to electron-electron interaction. Since we neglected
spin-orbit interaction, the electron wave function can be factorized in orbital ®;(#;) and spin ;(5;)
parts [17]. For such a system of two fermions, due to the Pauli exclusion principle, each particle
can be either spin up or down, resulting a total combination of four basis states of the spin-part

wave function Q;(8;): three Symmetric triplets:

1,1
(I +1,0)/v2 ¢ S =1h; (1.36)
14,4
and one Asymmetric singlet:
(It 9 =11, 0)/vV2; S=0, (1.37)

where S denotes the total spin of the basis state. When the electron-electron interaction is small
compared to the E, and Fj, it is assumed that there is no coupling of the orbital states. If a
set of orbital-part electron wave functions form an orthonormal basis, it is possible to derive the

eigenenergies of a singlet Es and triplet E; states [13]

Es = Ea+Eb+Kab+Jab;

(1.38)
Et = Ea + Eb + Kab - Jab7
that are split by the amount of 2J,;,. Here, the
Kup = //d%ld?2|<ba(f1)|2|¢b(i~2)\2 (1.39)

is the quantitative measure of the overlap between two electron orbitals and is called the overlap

integral. Jg; is an analogy of two-site Coulomb interaction and is called the interaction integral:

e2

Jab://dfldf@(b;(f“l)¢2‘(f'2) Dy (71) P (72). (1.40)

47‘(607’12

Paul Dirac derived the eigenenergies from Eq.1.38 by introducing the spin-dependent term in the
Hamiltonian instead of two-electron Coulomb exchange, as demonstrated above. The so-called

Dirac exchange Hamiltonian H ez for the two-electron system is:

. 1 1
H,, = Z(Es + Ey) — E(Es — E;)3; - 83/1?, (1.41)
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where the terms in parenthesis correspond to the energy of bonding 2(E,s — E;) and antibonding
(Es+ Ey) orbitals. This equation says that the exchange interaction is a purely electrostatic effect
that arises from the spin-spin interaction and Pauli exclusion principle. For N-electron system,

the exchange interaction Hamiltonian is known as the Heisenberg Hamiltonian:

N
Heo = =2 J78; - 8; /17, (1.42)

i<j

where the exchange integral Ji" has the same form as Jgp. When the exchange integral Ji s
positive, according to Eq.1.38, adjacent spins point in the same direction, i.e., aligned in parallel,
which is the sign of ferromagnetic coupling. Inversely, if J" is negative, consecutive spins point
in the opposite direction, resulting in antiferromagnetic interaction. If more than one magnetic
substrate with an antiparallel spin orientation do not cancel each other, ferrimagnetic ordering can

occur [16].

The magnitude of the exchange integral J;7* is determined by the overlap integral Kj; (see
K in Eq.1.39). If the wave functions of the participating electrons do not overlap, there will be
no spontaneous spin ordering. When the distance between two magnetic ions is large, meaning
that the direct exchange not possible, the spin-spin exchange mechanism can be mediated by

superexchange (via oxygen orbitals in oxides, for instance) [17].

Ferromagnetism. Stoner model

The direct exchange interaction in solids can result in spontaneous spin ordering, giving rise to

the macroscopic magnetization M defined as:
1 N
M = > (s, (1.43)
i

where (fi;) is the expected value of the total magnetic moment operator (see Eq.1.31).

Measurement of the spontaneous magnetization in Fe, Co, and Ni revealed that the magnetic
moment per atom is not indeed an integer multiple of Bohr magneton, contradicting the existing
at that time theory. This problem was solved by Mott [19], Slater [20], and Stoner [21] around the
1940s. As an example, the Stoner band model was developed to explain broken pp numbers as a

result of ferromagnetism .

The classical Stoner model is used to predict spontaneous ferromagnetic ordering in solids, and
it assumes separate band structures for spin-up and spin-down electron states. Since it is always
hard to keep track of the true sample magnetization, we can apply a static external magnetic field
(Bewt) to align the magnetization of the sample parallel to the applied field, as shown in Fig.1.9a.
Since spin magnetic moment and electron spin have opposite directions (see Eq.1.30), the states
with larger electron population (majority band) will be aligned in the opposite direction to B**,
while ones having a smaller population (minority band) will be parallel to the applied magnetic

field. Hence, the magnetization and the spin minority will always point in the direction of B®**.
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a) Schematic representation of the d-band spin-dependent electron density of states for a ferromagnet,
under the external B*" static magnetic field applied along the z direction. Since electron spin magnetic
moment is opposite to the spin direction, the spin of minority band electrons will be aligned along B***.
The minority and majority bands are split by the amount of Fe,. b) Density of states of bce-Fe, with the
majority and minority bands in colors. Inset is the DOS of fcc-Cu, with the absence of the exchange

splitting. The figure is redrawn from [22]

Figure 1.9 — Stoner model of ferromagnet and calculated density of states of bec-Fe.

We can define the difference in the number of electrons in the minority and majority bands
as [17]:

. ) Er Efr
Nmai _ Nmin — Nt NT = / pt(e)de — / p'(€)de, (1.44)
—o0 —00
with p™(¢) being minority or majority electron DOS. The magnetic moment of a solid (m in

classical notation) will be proportional to the difference of electrons (or holes) between these two
bands:

[m| = us(N — NI¥™) = (N — Njrim). (1.45)

The difference in the electron density of states at the Fermi level Er and exchange interaction
field B., (generated by exchange interaction Hamiltonian (see Eq.1.42)) will result in the majority
and minority bands split by the amount of E., [17]:

E.; x2m - B°. (1.46)

The Stoner model, assumes the parabolic shape of electron DOS, while "real" electron DOS has
far more complex shape. The spin-polarized density of states of bee-Fe is shown in Fig.1.9b, with
E., = 2.2¢eV. Generally, the exchange interaction competes with other energies in solid [11]. As an
example , one can expect that the thermal atomic disorder may overcome the exchange interaction

contribution, resulting in a random alignment of magnetic moments. Indeed, the magnetization
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M is proportional to [17]:
M x (Terie —T)%, (1.47)

where T.,;+ is the critical temperature (Curie or Neel temperature for ferro- and antiferromagnets,
respectively) above which the magnetic order vanishes, and « is the critical exponent that differs

with the material.

Magnons

Ferromagnetic metal in the ground state at T = 0K, according to Eq.1.38, prefers to have
its spins aligned in parallel, which leads to the lowest possible energy state. If we treat spins as
classical vectors, the total exchange energy in this ground state will be equal to —2NJ**s? with
N being the number of neighbors. Thus, we can estimate the thermal energy (Eq.1.47) required

to eliminate the spontaneous ground-state magnetization as [11]:

—2NJ g’

kpTc = =

(1.48)

Let us imagine an electron spin-chain with two nearest neighbors, i.e., N = 2. The magnetic order
will vanish at critical temperature T¢, with corresponding thermal energy of kgTc = J*. In the
mean time, the energy required to flip the spin of a single electron is equal to 2J¢% (—4.J%%s% —
4J¢%s?), i.e., two times the kgTc. Clearly, the single-electron spin-flip is not the best "energy-
efficient" solution, and can not occur at low temperatures. Instead, all adjacent electrons will share
the spin-reversal, which will form an excitation with a much lower energy cost per electron [7].
Such oscillation of the relative orientation of spins on the lattice, depicted in Fig.1.10, is called

magnons, or spin-waves.

The exchange interaction Hamiltonian for the two nearest neighbours in the 1D electron chain

can be rewritten in terms of:

TN=2 _ » R
Hex —Sij s

(1.49)

with the exchange field B;T = —2J%(8;_1+ 8;41)/h* generated by the neighbours at lattice sites
j £ 1. According to the Ehrenfest equation (in the absence of damping), this exchange field B;x

will act as a source term of the spin precession [11]:

d ~ gguB “ A ex
=g =22 <sj><Bj > (1.50)

In Cartesian coordinates, the precession of the (5;) components along the given axis could be

expressed as the system of three coupled differential equations. We can neglect the products of z
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Perspective and an aerial view of spins on a lattice with lattice constant a. Spin wave in aerial view is

drawn through the end of the spin vectors. The image was redrawn from [7]

Figure 1.10 — Spin wave on the 1D chain of spins.

and y components, since the expected values of sjy NCH [16]:

I gus

d

£5f = 5 (253 — 5?71 — S?H)

d JCGUB 0 . N v

%55 = —T(Qsj —s7 1 —57.1) (1.51)
d z

%S]‘ == 0

We will look for the solutions in the form of traveling wave o exp|ikja—ws,t], with lattice constant

a. The solution for the precession with a frequency w,, defines the magnon dispersion relation [7]:
hwp, = —4J*S(1 — cos(ka)). (1.52)

The magnon dispersion relation for ka < 1 has the form Aw,, = DSWkQ, with stiffness parameter

Dsw = 2J°*Sa®. Magnons are bosons, and the quantized energy of a magnon is defined as:

1
€, = (nm + 2>mm, (1.53)

where n,, is the number of magnons in the mode with frequency w,, at the zone center [11]. For
T < T,;; magnons behave like bosons, so they follow the Bose statistics. Interestingly, the magnons
are in some way similar to phonons. Instead of the relative precession of an atomic position on a

lattice, spin waves are oscillations of the relative orientation of the lattice spin magnetic moments.

The magnon contribution to the heat capacity of the solid can be expressed in terms of the

spin-correlation function (8; - 3;) (see Eq.1.42) [11]:

0(5; - §5)

m = —2NZJ*
c J a7

(1.54)

1.3 Light-matter interaction

1.3.1 Optical properties and dielectric function

Most optical phenomena can be explained with the classical electromagnetic (EM) approach,

from the perspective of the physical interaction between charged particles. The light propagation
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inside the material can be described by Maxwell’s equations:

OB . 0D
—— VxH=j+ - (1.55)

V-D =p, V-B=0, VX E=
where D is electric flux density, F is electric field strength, B and H are magnetic flux and
magnetic field respectively, p is charge density and j is electric current density (free carriers). In
the linear regime, when the material is not charged, homogeneous, and isotropic the following set

of equations can be established:
p=0, j=0E, D =¢pcE, B =puoH, (1.56)

where o is conductivity, €¢ is electric constant, po is magnetic constant and ¢ is the medium per-
mittivity. Therefore, using Eq.1.55 one can derive the generalized wave equation for the dielectric

system:

__c GQ—E— 8—'7 which gives:
foso 02 M0 sives: (1.57)

E*E = w?poeE + ipgwo E.

V’E

By noting that speed of light is ¢ = and dielectric constant of the material is € = ggey,

1
Na
the wave vector expressed in terms of light frequency w as:

k= % e+ ;—Uw = K 4k (1.58)
0

with e, and io /egw are the bound and free electron contributions to the relative dielectric constant,
with &' and k” being the real and imaginary parts of the complex wavevector, respectively. We

then can rewrite k as:
(w) (1.59)
where 7i(w) = n(w)+iK (w) is complex index of refraction, with refractive index n(w) and extinction

coefficient K (w). With the extinction coefficient K (w) one can estimate the EM wave intensity

I(2) ! attenuation in medium along the z-direction. From the Beer-Lambert law we obtain:
I(z) = Iy exp(—az), (1.60)

with @ = 2wK /¢ = 47K/ is the absorption coefficient (X is the light wavelength). The absorption

of EM has an exponential profile for K # 0, while K = 0 defines lossless transmission.

1. I(z) « |Eg exp(K2z)|?
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The well-known relation between 7i(w), electric susceptibility x(w) and complex permittivity

&(w) of the material written as:
Ew) =14 x(w) = 2?(w) = 1 (w) + igz(w), (1.61)

where €1 (w) is real and e3(w) is the imaginary part of the frequency dependent dielectric constant.
In a crystal, light-matter interaction depends on the crystal symmetry and light propagation direc-
tion with respect to the crystallographic plane orientation, resulting &, x(w) and 7 being tensors.
In this section, for simplicity, we will assume that our solids are isotropic, lifting the tensor notation

for all the optical constants discussed below.

Drude and Lorentz Model: semi-classical approach

The electron degrees of freedom within partially filled electron bands and interband transi-
tions play an important role in the optical properties of both metals and semiconductors. In this
subsection, we address the intraband Drude and interband Lorentz contributions to the dielectric

function &.

In the Section 1.2.2 we defined the electrical conductivity o of a metal and introduced the
average phenomenological electron and hole relaxation time 7.. Now, we want to explore the
action of EM field E(t) = Fy(exp[—iwt]) on nearly-free conduction-band electrons. The classical

damped equation of motion, describing the change in electron position = in time is written as:

d*r 1 dr
Me (dt2 + 7'edt> = —eE(t) (162)

We can express the single-electron dipolar moment as p = er. Then, the macroscopic polarization

P created by the displacement of the electron cloud reads [23]:
P =nr =¢ox(w)E(t). (1.63)

Combining the two previous equations, we can deduce the free-electron contribution to the electric

susceptibility of the crystal. The so-called Drude susceptibility is:

2 2

D ne 1 wy,
_ _ , 1.64
X7 (w) £0Me w2 + iw/Te w? +iw/Te ( )

with
2
ne

_ 1.65
Wp P ( )

being the plasma frequency, where 7, is the electron scattering time . The electron scattering rate
involves multiple mechanisms, and highly depends on the electron temperature. Different scattering

mechanisms involve carriers energy loss via coupling with the phonons, defects, impurities, surfaces
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and with other carriers [24]. From Eq.1.61, we can write the Drude dielectric constant as:

(.d2

5 P
=1- . 1.66
7w w? +iw/Te (1.66)

This equation tells that the optical properties within the Drude model solely depend on the plasma
frequency and 7.. Hence, we can establish 3 fundamentally different regimes of light-matter inter-

action in metals, depicted in Fig.1.11a:

1. wte < 1: Hagen-Rubens regime, where optical properties mainly defined by the DC conduc-
tivity (see Eq.1.24), rendering e frequency-independent;

2. 1/7. < w < wp: Relaxation regime, defining the range of frequency-independent light reflec-
tivity
3. wp < w: Transparent regime, where the metal becomes transparent, with a monotonous

decrease of e and 2.

For the semiconductor, the complex dielectric function can be derived from a Lorentz model of

the bounded electrons:

d*r  1dr 9
— 4+ —— = —eE(t), 1.67
me (G + 25+ ehar) = —eB(0) (167)
that differs from the Drude model only by an additional restoring force term, which corresponds
to the interband transition. This model does not lead to well-defined energy gaps, but it is widely
used to describe non-conducting materials [25]. The derived Lorentz complex dielectric function,
for multiple electron transitions reads:

w2

Lw)y=1 P 1.68
5 (w) + ; (Wg,n _ wz) + iw/Tn’ ( )

where wy, , denotes the characteristic frequency associated to the electronic population of the level
n, T, is the phenomenological damping time, defining the width of the Lorentz oscillator and wyq
is the resonant frequency of the n-th type electron interband transition. Interestingly, the classical

Lorentz model is really close to its quantum counterpart [24]:

) =1+ St (1.69)
T W) ] |
with oscillator strength defined as:
Qm: 2
fj = "2 hwn|7'n| y (170)

where r, is the displacement of the n-th electron. The simple Lorentz model, with only one
oscillator (see Eq.1.68) has 4 distinct spectral regimes:

1. w < (wo — 1/7): Low frequency range, where e} is infinitely small, resulting little to no

absorption (hw < Ey);

2. w & wp: Absorption range, where electrons can be excited across the bandgap;
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a) Complex Drude dielectric function of the metal, showing three different regimes of the light-matter
interaction. Low-frequency Hagen-Rubens regime, with frequency-independent €1. Relaxation regime
with R = const, and Transparent regime, where the metal becomes transparent. b) Complex dielectric
function of a narrow-band semiconductor, calculated from the Lorentz model. The Low-frequency regime
is an analogy to the Hagen-Rubens regime in metals. Around resonance frequency wo, photon absorption

can excite the electrons over the bandgap, resulting in strong light absorption.

Figure 1.11 — Free-electron Drude and restoring-force Lorentz models.
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3. (wW+0—-1/7) < w < wy: Reflection range, analogy of Drude relaxation regime;

4. w > wy: Transparent regime, where reflectivity drops to zero, rendering material transparent.

Metals. Interband contribution

The Drude model shows good agreement with the experimental data in the low-frequency range,
rapidly diverging from the experiment at higher frequencies. The reason is that the Drude model
does not take into account the band structure of the metal. For the real 3D metal, the absorption
of a photon with sufficiently high energy can provoke an interband transition of the electron from
the valence band to the conduction band above the Er. For example, we can separate the bound
and free-electron contributions and account for possible interband transitions by introducing a

Lorentz term into the Drude model. The combined Drude-Lorentz model gives:

n=k w2,
<DL
=1- 1.71
e w) w2+zw/Te Z —w2 +zw/Tn (171)

n=1

for k is the number for all allowed interband transitions. As seen from Fig.1.12a, the composite
Drude-Lorentz model (with n = 1) slightly extends the prediction range of é(w). Even when
accounting only for one Lorentz term, we still can estimate the energy of an interband transition
threshold of Au (hw!? = 2.7eV), which is not so far from the real value of 2.4eV. In a more
general form, the dielectric constant of the metal is written as a function of both interband and

intraband contributions as:

Ew) =1+ x"(w) +x"P(w), (1.72)

where P (w) is interband electric susceptibility that accounts for all possible interband transitions.
Interband transitions in metals can not be neglected in the high-frequency range and play an
important role in the optical properties of metals. The optical frequencies above the interband
transition threshold hw!? will be highly absorbed. For example in Au, light with wavelengths

n

below 520 nm will be strongly absorbed, translating to its "yellowish" color.

The excitation of an electron above the Fermi level will leave a vacancy at the electrons’ initial
position, known as a hole. Electron-hole pair excitation (due to intraband or interband absorption)

must satisfy the law of momentum conservation:

k=K +K, (1.73)

where k and k' are the electron and hole wave vectors, and K is reciprocal lattice vector. The

momentum conservation can be fulfilled with two- or three-particle interactions.

The electron can absorb the photon if the photon energy corresponds to the energy difference

between the hole and electron state:

hw = e(k) — e(k'), (1.74)
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Representation of the three possible electron transitions in metals and insulators. Direct interband
absorption, mediated by the electron-photon interaction. Indirect intraband or interband transitions,

followed by the phonon emission, are required due to the momentum conservation law.

Figure 1.12 — Intraband and interband contributions to complex dielectric function of gold and schema

of allowed transitions in metals and semiconductors.

which defines the direct optical (or vertical) electron transition. In addition, the momentum
conservation can be fulfilled by the emission/absorption of a third particle, for example, a phonon.

In this case, the momentum conservation law reads:
hw = e(k) — (k') £ hwpp, (1.75)

where wyy, is the frequency of emitted phonon. Normally, the direct optical transition requires the

lowest amount of energy, and most of the time, it will be dominant during photon absorption.

Calculation of an interband contribution

The interband contribution to the dielectric constant can be calculated using the so-called Rosei
model [27-29]. This model takes into account the effective masses of the electrons in the parabolic
band structure of noble metals in different directions relative to the I' point. If we consider the

photon with energy fuw that stimulates the transition from initial ¢ to final f band, we can write:
Ef(k) = hw + ¢;(k), (1.76)

with energies €7, ¢; in final and initial electron bands, respectively. With respect to [28,30], we

can write the joint density of states J;_,; as:

Tisg(to) = [ Dicsjes i)t = e+ huo, . T)lde, (1.77)
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a) Coupling between photons and transverse optical phonon, called phonon-polariton. Redrawn from [32]
and Wikipedia. b) High-frequency interband and low-frequency polariton contributions to ZnTe dielectric
function. Both real and imaginary parts of the dielectric constant are flat in 8 — 400 THz range.

High-frequency properties are redrawn from [33].

Figure 1.13 — Polariton dispersion curve and low-and-high frequency contributions to ZnTe dielectric

constant &(w).

where D;_,;(e, hw) is the energy-dependent density of states, which depends on the type of the
optical transition (d — s or p — s, for example). Then, the imaginary part of the dielectric

function can be calculated using the Lindhard theory [31]:
1 i 12
b B(w) E;M I T (hw), (1.78)

where M*f is the averaged electron momentum matrix element between the initial and final
bands. The 1/w? term comes from the electric dipole approximation. Interestingly, the Eq.1.78
can be used to calculate the dielectric constant for the semiconductor [24], which does not include
the spin-orbit interaction. The real part of the dielectric function can be obtained by applying the
Kramers—Kronig relationship to Eq.1.78.

Semiconductors. Ion contribution

As discussed in the Section 1.2.1, crystals with two (or more) atoms per unit cell can support
optical vibrational modes. Furthermore, some polar optical phonons (also known as infrared active)
can be directly coupled to the incident EM wave [32]. This happens due to the momentum
conservation between the photons and phonons, resulting in the excitation of a quantized particle

called phonon-polariton (see Fig.1.13a).

The coupling between photons and phonons can be modeled with slightly-modified Lorentz
model [34]:

S(w) = S 1.7
E(w)—Eoo-Fva (1.79)
J


https://en.wikipedia.org/wiki/Polariton

28 CHAPTER 1. THEORETICAL BACKGROUND

where €, is the dielectric constant of the ion background (i.e that of the conduction electrons,
see the Eq.1.71). Here, we account for the contribution of all lattice oscillations that can interact
with EM fields, with eigenfrequency w;, damping time 7;, and dimensionless oscillator strength
S;. For most semiconductors, this equation can be simplified by restricting the sum to the first

low-frequency TO mode:

S 2
E(W) = oo + ——LOXTO . (1.80)
Wi — w? —iw/Tro
The oscillator strength Sto can be deduced from the DC dielectric constant [34] as:
(0) = €ion + St0- (1.81)

From the Lyddane-Sachs-Teller relation [35], Kurosawa [36] showed the direct connection between

Sto and the frequency difference between non-excited wyo and resonant wro modes:

Due to the phonon-polariton coupling in ionic materials, this equation suggests that the lattice
will strongly absorb photons with energies from fwro to hwro. This frequency range is called the

Reststrahlen band and wpro sometimes referred to as Restrahl frequency.

To give a real example of phonon-polariton, the complex dielectric function of ZnTe from DC
to 1400 THz is displayed in Fig.1.13b. The high-frequency contribution was redrawn from [33],
showing well-pronounced interband contribution? to the dielectric constant around =~ 800 THz
(375 nm wavelength). Low-frequency phonon-polariton contribution calculated with parameters
from [37], showing strong photon absorption around 5.3 THz. The presence of the Reststrahlen

band is the main limiting factor for the semiconductor optics in the THz frequency range.

1.3.1.1 Nonlinear Regime

Light-matter interaction can modify the macroscopic polarization of the crystal (see Eq.1.63)
proportional to its electric susceptibility. The total electronic displacement under the applied

electric field is defined as:
D =¢pé(w)E(t) = o[l + x(w)]E(t) = o E(t) + P(w, ). (1.83)

For the electric fields with amplitudes comparable to the strength of the atomic field, i.e.:

(&

at 2

4dmepag

=5.14 x 10", [V} (1.84)
m

where aq is the Bohr radius of the Hydrogen atom, can induce the nonresonant precession of the

macroscopic polarization P [23]. This nonlinearity is accounted for by expressing the polarization

2. related to the excitation of excitons, which is not discussed here
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Material | x® (pm/V) | r (pm/V)
ZnTe 137 4.04
GaP 49.6 1.94
BBO 3.6 2.1

LiNbO3 336 30.9
GaAs 131.1 1.43

From [38]

Table 1.1 — Values of second order susceptibilities for ZnTe, GaP, BBO, LiNbOs and GaAs.

P as a power series in the field strength E:
Pt) =soXxVE@W) + xPE2 ) + xPE ) + .. = PY ) + PO ) + PO () + ..., (1.85)

with x known as linear susceptibility, x(?) and x® are 2"?- and 3"%order nonlinear optical

susceptibilities, and so on. By isolating the linear contribution PZ, Eq.1.85 becomes:
P =Pl pNE (1.86)

with nonlinear contribution PV containing all power terms of E. In this subsection, the discussion
will be limited to the 2"¢ order nonlinear processes, when relevant to this work higher-order

nonlinearities will be mentioned in the experimental section.

Second Order Nonlinear Processes

Let us first estimate the value of second-order nonlinear susceptibility in condensed matter. In
the nonlinear regime, at some peak value of E,cqr one can expect electrons to "explore" the non
harmonic part of ionic potential, resulting in equal contributions of linear P(l)(t) and nonlinear
terms P (t) to the total polarization P(t). In most solids, x(*) normally is in the order of unity.
By setting Epeqr = Eqt, the Eq.1.85 gives:

1

(2) —
X Eat

= 1.94 x 10712, [%] (1.87)

This estimation is quite accurate compared to experimentally measured values displayed in Table

1.1. The value of x(® can be interpreted as the efficiency of nonlinear interaction in a given solid.

In the case of centrosymmetric medium, the shape of electron potential obeys V(r) = V(—r)
[23]. Simple estimation of the second-order nonlinear polarization induced by the EM wave with

frequency w:
- P® = X () [~ B@)|[-Bw)] = X ) E*(w) = P, (188)

Obtained equality —P® = P® pholds only when x(? = 0. The group theory predicts that each

element of x(®) vanishes in the centrosymmetric crystals [23], allowing only nonlinear interactions
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proportional to the odd powers of the electric field. However, nonlinear interactions of both odd
and even power of E are allowed in noncentrosymmetric crystals, such as ZnTe, GaP, Beta Barium
Borate (BBO), and more.

In the case of a noncentrosymmetric, isotropic medium with no dispersion, by taking into

account linear and nonlinear polarization, the driven Maxwell wave-equation becomes [23]:

=(1) 9°E 1 92PNt
2p_ - 1.
v c2 Ot? gocz Otz (1.89)

with €M =1 4+ x| where the second order time derivative of nonlinear polarization acts as the
source term. We now examine the set of possible frequencies of electron polarization precession in

the nonlinear media. Let us apply two-color EM field:
E = Ere” ™' + Eye ™! + c.c., (1.90)

where B = Aje*1% and By = A;e'*2*. With Euler’s formula cos(z) = (' +e7%®) /2, the complete

second-order nonlinear polarization induced by the two-color EM field:

PO (t) =eox P E(t)* =

E?[cos(2wit) + cos((w1 — w1)t)]+ (1.91)
= §€0X(2) +E2[cos(2wat) + cos((we — wa)t)]+
+2E1 Es cos[(w1 + wa)t] + 2E1 Es cos[(w1 — wa)t]

With four different permutations between two frequencies w2 the grouped contributions to the

second order nonlinear polarization are:

1
PP (2w, 5) = §€0X(2)E12,2 cos(2wi,2t) Second harmonic generation (SHG);

1
P (Ow) = §€0X(2)E%,2 Optical rectification (OR); (192)

P (w; +wsy) = eoxP By E5 cos|(w1 + wa)t]  Sum frequency generation (SFG);

P (w) —wsy) = eogxP EL By cos|(w1 —wa)t]  Difference frequency generation (DFG),

with SHG and OR being the special cases of SFG and DFG. The nonresonant movement of dipole

moments PV% will create the nonlinear current density J NL equal to:

aP™" JNL

- (1.93)

Such transient precession of the JV can lead to the emission of light at different frequencies, as

shown in Fig.1.14:

6JNL 82PNL
ot o

ENE(t) (1.94)
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Figure 1.14 — SHG and OR for Continuous- Wave and Modulated laser pulses.

However, it adds an important constraint: the driven wave equation (see Eq.1.89) must hold for

all frequencies, including the newly created ones.

Let us consider only the SFG created by the two-color field. Under slowly varying field ampli-

tude approximation [23], Eq.1.89 can be reduced to the spatial variation of ws = wy + wa:

dAs

dz nsc

(2
ix® (w1 + wa, w1, wo)ws Ay Ageilbrtha—kslz

(1.95)
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where ng is crystal refractive index at ws. This relation shows that the amplitude of the EM wave
Az at w3 depends on the coupling between A; and As. We can introduce the so-called wavevector-,

momentum- or phase mismatch as Ak:
Ak = ki + ko — k3. (196)

By integration of Eq.1.95 over the distance d, the intensity of SFG radiation will be o sinc?(Akz/2).
This means that the most efficient coupling between w; and wy is when k3 = k1 + ko. Usually, the
increase in light frequency w is not compensated by the decrease in 71, meaning that the perfect
phase matching is rarely achieved. Multiple techniques were developed to minimize the Ak, with
birefringent phase-matching being the most used one. In addition, wavevector mismatch is sensitive
to the crystal imperfections, laser beam quality, laser polarization state, and more. The discussion
about the phase-matching importance for the second-order nonlinear processes will continue in the

experimental section.

The remaining second-order nonlinear process of interest is the linear electro-optic effect, known
as the Pockels’ effect. Pockels’ effect explains the modification of refractive indices of the crystal

with an applied electric field. The contracted notation of the electrooptic effect is given by [23]:
1
A ﬁ , = ZrijEj, (197)
g J

where r;; is the electrooptic tensor. Electrooptic effect can be pictured as follows: external DC
electric field will tilt the crystals’ optical axes by an amount o j:%ngrijEz, introducing the phase

retardation between two orthogonal light polarization components [23]:

L ndryEwl
['=(n; - nj)% = 7710”]6 Tk (1.98)

with the speed of light in vacuum ¢, crystal thickness L and refractive index ng in the absence
of electric field. Electrooptic effect is used for the high-frequency light modulation and detection
of the THz radiation, for example. Interestingly, the response time of a Pockels’ effect is in the
order of femtoseconds [39], allowing ultrafast switching of the light polarization with picosecond

electromagnetic pulses [40].

1.3.2 Polarization, reflection, and transmission of an electromagnetic

wave
Polarization

Light can be described as the periodic oscillation of the EM field in the zy plane travelling
along the z axis in Cartesian space. Mathematically, we can write equation of the complex EM
field as:

E = Egexpi(kz — wt + 9)], (1.99)
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where FE is the electric field with the field-wave vector k frequency w and phase ¢. At the given

time ¢, the direction of electric field can be expressed through the unit vectors x and y:

E = Ey, exp [i(kz — wt + ¢g)]x + Eoy exp [i(kz — wt + ¢y)]y. (1.100)

The direction of the electric field vector E along x and y axes is known as polarization of EM
wave, and it is completely determined by the amplitudes and phase difference of the two orthogonal
electric field components. It can be written in the form of the two-element matrix, called Jones
vector:

Eo = (1.101)

la();cew)Jc
EOyeid)y .

With the Jones matrix notation, it is easy to represent the linearly, elliptically, and circularly po-
larized light, including the polarization handedness direction. Randomly polarized or nonpolarized
light does not require the use of the matrix notation. Linear polarization of the light in the zy

plane, according to the Jones vector notation defined as:

EOJ)

Ey =
Ey,

, (1.102)

with both Fy, and Fjy, being real, non-zero field amplitudes. The periodically varying amplitude
of the electric field is inclined relative to the origin by the angle o = tan™'(Eo,/Eo.) [41]. Eoz =

1, Eyy = 0 correspond to the linear light polarization along the x axis.

The general expression for the elliptically polarized light given as:

Ey =

EOz
o, 1.103
Eoyeimy ] ( )

where the sign of the ¢, defines the direction of the polarization rotation. If ¢, is positive,
electric field direction will rotate in counterclockwise direction, when negative ¢, corresponds to
the clockwise handedness. The inclination angle of a polarization ellipse equals to the absolute

value of ¢,. If Fy, = Eyy and ¢, = 7/2, such EM wave has left-handed circular polarization.

Reflection and Transmission. Transfer matrix formalism

The transmission and reflection of an EM radiation at the singular plane surface depends on
the following set of variables: the angle of incidence 6; and refraction 6,, the refractive indices
of incident ny and refractive media no, and the light polarization direction. The ratio between
the total, reflected and transmitted EM amplitudes can be derived from the Maxwell equations

at the boundary condition as shown elsewhere [41]. Obtained equations, namely, the polarization
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Figure 1.15 — Beam transmission and reflection from a multi layer film stack.

dependent Fresnel reflection r and transmission ¢ coefficients read:

n1 cos 1 — ng cos by n5 cos 1 — ny cos by
’r( = T prd
* " nycosfy + ngcosby’ P g cosfy + nq cos bs (1.104)
2n cos 0; 2n1 cos 0 '
ts = tp =

ny cos B, + ny cos sy’ N9 €os 01 + nq cos O

where subscripts p and s correspond to the parallel and perpendicular alignment of the electric

field polarization relative to the lights’ plane of incidence.

The transmission and reflection of light in a complex multilayer system can be approached from
the view of the superposition of EM waves within the given layer. For example, the arbitrary N
layer configuration has n = 0,1,..., N — 1 optically different interfaces, that contribute to the total
transmission and reflection. An example of the N=4 stack system is shown in the Fig.1.15, defining
the amplitudes of the forward and backward propagating waves. The amplitudes of transmitted

and reflected light arriving at the interface n = 1,2,..., N — 2 can be expressed in the matrix

(”“) :Mn<”"+1>, (1.105)
W, Wn 41

where the n'P layer transfer matrix M,, is equal:

—is

" 0 1 non 1

M, = |° _ S (1.106)
0 6“571 Tn,n+1 1 tn,nJrl

notation as:
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with the nt® layer phasor 6, = d,k,, where d,, is the thickness of the layer. Here, the M, is the

product of so called phase/absorption matrix:

p,_|¢" O (1.107)
" 0 eton |’ '
and refraction/transmission matrix
1 Tn.n 1
DD, = e : (1.108)
Tn,n+1 1 tn,n+1

with Fresnel reflection ry, 41 and transmission ¢, .41 coefficients for the light directed from the
interface n towards the interface n + 1. The repeated application of phase/absorption and refrac-

tion/transmission matrices over N-2 layers and N-1 interfaces will result in the following expres-

sion [43]:
1 N=2 t
( > =D;! [H DnPnDnllDN1< )
r ol 0

T Tio| [t
o)

To1 1o
This 2 x 2 matrix accounts for the coherent interaction of the reflected and transmitted beams at

each interface of the multilayer optical media. Usually, [%i %g] is referred to as system transfer

(1.109)

matrix T = TO/(N—l)'

1.3.3 Temporal evolution of optical properties

coherent dephasing, e-e scattering, ~ e-ph scattering, e, mand phin

polarization photon absorption thermalization 4 e-m scattering thermal
€ ~ equilibrium
pump o e ~
i 0T,
& h T,~T,~T,
occupation i’
time = 0 0-100 fs 0.01-1ps 0.1-10ps >10"s time

Ultrafast processes induced by the absorption of an ultrashort laser pulse in metals. Image is reprinted
from the thesis of T.Seifert [44]

Figure 1.16 — Evolution of the electronic distribution after an ultrashort laser action.

The development of ultrashort laser pulses allowed to study the ultrafast dynamics of solids,
molecules, and chemical compounds on the timescales comparable to the carrier relaxation times
[45]. For example, let us consider interaction of the fs laser pulse with the matter. Ultrafast
laser action and the carrier-photon absorption will initially create highly-nonlinear photoexcited
electronic distribution, which will then try to reach new equilibrium state between electron, lattice,

and spin subsystems.
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In metals, immediately after laser irradiation, the light-induced dipole polarization will create
the superposition of the electron states above and below Er. Simultaneously, light absorption will
lead to an athermal, nonlinear distribution of the electron-hole pairs. The following energy trans-
fer from the photoexcited carriers involves the multiple-particle interactions (electron-electron,
electron-phonon, and electron-magnon), in order to bring the excited system to the thermal equi-

librium.

The fastest many-particle relaxation process in the electron-electron interaction, which is hap-
pening at the sup-picosecond time scale. Electron subsystem will thermalize via carrier multi-
plication, reaching the Boltzmann distribution at elevated temperature [45]. Subsequently, the
thermalization process between electronic, ionic, and spin baths occurs at the timescales of 0.1-10
picoseconds. After electrons, magnons, and phonons have thermalized, heat dissipation to the en-
vironment will occur, lasting more than 10 picoseconds. The sketch of the electron thermalization

process is displayed in the Fig.1.16.

Phenomenological Two and Three-Temperature Models

The phenomenological macroscopic model was established to explain the interaction between
electron, phonon, and spin subsystems of a solid at the ultrashort timescale with the evolution of
experimental techniques. The first description of electron-phonon interaction after the absorption

of the laser pulse was proposed by the introduction of the energy balance equation [46]:

dT,
Ce(Te) dte = Ge—ph(Te - Tl) + I(t)§

dT, (1.110)
CL(Tl)ditl = - Ge—ph(n - Te)7

where Ge_pp is the electron-phonon coupling constant and I(t) is the laser source term. The
carriers and phonon (heat) diffusion terms are neglected to simplify the model. I(¢) applied only
to the electron subsystem since the initial energy absorption is mediated only by the electrons.

These equations were then denoted as the phenomenological two-temperature model (TTM) [47].

In the work of Beaurepaire et al. studying the ultrafast response of a ferromagnetic Ni, an
extension of the TTM, which includes the electron-phonon-spin interaction was proposed [48].

Beaurepaire’s system of equation, named as the three-temperature model (3TM), reads:

dT,
Ce(Te) dt = - Gefph(Te - T1l) - Gefm(Te - TS) + I(t)7
T
CS(TS)ddtS = Gefm(Ts - Te) - Gmfph(Ts - ﬂ)v (1111)
dT;
CL(E)T; = - Gefph(jﬂl - Te) - Gmfph(T‘l - Ts)7

with additional electron-magnon G._,, and magnon-phonon G,,_,;, coupling constants. Similar
to the TTM, this model suggests that the heat exchange between electron, phonon, and spin sub-
systems is proportional to the temperature difference between the two given baths. The respective
coupling constant then defines the efficiency of the heat transfer (see Fig.1.17a). The coupling con-

stants in simple metals Ge—p,, Gp—pn and Ge—_pp, can be derived from the complex considerations
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a) Sketch of the three-temperature model suggested by Beaurepaire et al. [48]. Solid arrows depict the
energy flow between the respective subsystems in the solid-state. Figure taken from [49] b) Calculated
temperatures of the electron, phonon, and spin subsystems in CoFeB 5nm layer after the absorption of

the ultrashort laser pulse. The coupling constants were taken from [50]

Figure 1.17 — The three-temperature model sketch and temporal evolution of electron, phonon and spin

temperatures of CoFeB film.

of the magnon, phonon, and electron dispersion curves, Boltzmann statistics, and with knowledge
about the respective particles’ scattering times [7,9,24]. However, the magnitudes of coupling
constants and characteristic population decay times can be extracted with specific time-resolved
measurements. For example, some coupling constants can be derived in the frame of 3TM-based

molecular dynamics simulations, where experimental data used as the reference [51].

With the knowledge of CoFeB coupling constants from the literature [52-57], we can use 3TM,
neglecting weak magnon-phonon energy exchange, to display the temporal evolution of electron,
spin, and magnon temperatures upon laser absorption (see Fig.1.17b). The slow spin thermalization

in CoFeB is explained with Ge_,, being ~ 60 times smaller compared to Ge_pp.
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Chapter 2

Experimental Methods
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2.1 Introduction

This chapter will focus on the description of the experimental techniques. First, we address
the principle of the stroboscopic measurements, allowing us to record the transient dynamics of
the material at the femtosecond and picosecond timescales. Second, we discuss the THz genera-
tion via second-order nonlinear processes, and its particular configuration, the tilted-pulse front
method. The next part is devoted to the field-resolved detection of the pulsed THz radiation.
After describing the electrooptic sampling technique, we calculate the detector response function
for the crystals used in this work. In addition, we introduce and characterize the method of the
electrooptic detection improvement, which made possible the detection of the THz emission from
the spintronic emitters discussed in the Chapter 4. The last subsection is about the basics of
the THz Time domain spectroscopy (THz-TDS), where we present measured properties of silicon,

silica, and z-cut Quartz in the THz range.

2.2 Pump-probe spectroscopy

Since its first implementation, the stroboscopic approach has dramatically improved and now
it is widely used in science, art, and the entertainment industry. For example, the fastest high-
speed camera can record up to 1 Million frames per second (Phantom v2512) and is used in the
field of microfluidics and particle velocimetry [58]. In addition, the ultrafast photodiodes with the

rise-time of about 15 ps are now commercially available. However, since the temporal resolution

39
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a) Sketch of the pump-probe experiment in transmission. The probe pulse is delayed in time with respect
to the pump beam. We record the relative change in the probe’s transmission for the different temporal
overlaps between the pump and the probe. b) Example signal, obtained with the BizTes 15 nm film, while
excited with 800 nm pump and probed with 400 nm pulse. The sharp increase in the AT /T corresponds
to the temporal overlap between the pump and the probe and consequent electron subsystem excitation.
The subsequent exponential decay of the relative transmittance corresponds to electron-electron,
electron-phonon coupling, and heat dissipation. In addition, one can reveal some coherent dynamics

(high and low-frequency modulation of the AT/T) with the pump-probe spectroscopy.

Figure 2.1 — Two-color pump-probe: Setup geometry and a typical recorded AT /T variation of 15nm
Biz T€3 .

is limited by the shutter speed or carrier velocities in electronic detectors, it is impossible to use

these gating devices at the sub-picosecond timescales.

However, one can achieve sub-picosecond temporal resolution with pulsed laser radiation, where
the width of the sampling pulse envelope can be as short as a couple of tens of attoseconds
(10 x 107185) [59-61]. In this thesis, ultrafast nonlinear spectroscopy was performed in pump-
probe geometry. For this, the output laser beam is spatially split into two parts. The first part,
called the pump, is used to excite the electronic subsystem of the sample, triggering the change
of the dielectric, structural or magnetic properties. The second part of the laser beam, is used to
monitor or probe the change in reflectance (AR(7)/R) or transmittance (AT (7)/T) of the probe
beam as the function of temporal delay T between the pump and the probe pulses. The 7 is adjusted

by changing the optical path length of one of two beams (7 = Al/c), as shown in Fig.2.1a.

Today, various pump-probe based experimental techniques can measure the dynamics of a
solid at the sub-picosecond timescales, using different parts of the EM spectrum of light. For
example, experiments can be done with different configurations, such as all-optical pump-probe,
time-resolved magneto-optical Kerr effect [48], time-resolved X-ray diffraction [62], and many more.
All those pump-probe "derivatives" are designed to probe and/or excite a specific degree of freedom
of matter. For example, during the all-optical pump-probe experiment, one measures the relative
change in the intensity of probing light with a central frequency of wp, over the time 7, linked

to the temporal change in the dielectric function of the excited material. Let us write the total
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electric field inside the studied media as [63]:

E(T) = [Epr(kprv T) + Epump(k’pumpv 7—) + E;r(kprv T) + E;ump(kp‘lmpﬂ 7)] (2~1)

From the perturbation theory, the first order interaction describes the absorption of either the pump
and the probe beams, governed by x(!) susceptibility. Next, the second order field-interaction
includes the second harmonic generation (SHG), optical rectification (OR) of pump and probe
beam, and the frequency mixing between the pump and the probe (wpy wpump) pulses, as discussed
in the Section 1.3. In our case, we are only interested in the wy, field components able to reach
the detector (i.e. propagating along the k). Here, the pump-probe interaction inside the media,
that does not affect the change in kj, could be described in terms of third-order modification of

the nonlinear polarization as [63]:

3e dwpy dw dw
3 _ 0 pr pump pump 3
P}:Euznp—pr (T) _7 / ot ot ot X( ) (wprv Wpump _wpump) X (22)

Epr(wpr) Epump (wpump)E;ump (Wpump) €xXp[—i(Wpr + Wpump — Wpump)7];

where X®) (Wpr, Wpumps —Wpump) 18 the third order susceptibility, governing the particular interac-

tion when the two pump pulses arrive simultaneously:
k= kpr + kpump - kpump = kpra (23)

where kp, is conserved. In other words, for the short time-delays 7, the pump-probe experiment al-
lows us to access the population relaxation of the irradiated matter. In the low-perturbation regime
(for small Ae), we can express the time-dependent modification of the probe beam transmittance

or reflectivity as [24]:

AT olnT OlnT

o (@prs T) = o (Wpr) A (Wpe, T) + o (wpr) A (W, 7);

T 851 882 (2 4)
AR O0lnR OnR ’
R (Wpr, T) = Der (wpr)Aer (wpr, T) + ey (wpr) Az (wpr, T),

where Aeq(wpr,T) and Aeg(wpy, 7) are time-dependent change of the real and imaginary part
of complex dielectric function &(wp,), caused by the pump-pump population change within the

material of interest.

In this work, we use a Ti:AlyOj3 laser system based on the chirped-pulse amplification technique
[64]. Our laser delivers 3mJ pulses, centered around 800 nm wavelength, at 1kHz repetition rate
(3 W of mean power). The pulse duration was measured by a second-order intensity autocorrelator
and was found to be ~ 165fs (at FWHM).

The sketch of the experimental setup is shown in Fig.2.2. The beam is split with the ratio of
90/10, where 90 % of power is used for the pump or THz pulse generation, and remaining 10 %
of intensity is used as the probe. The 0.5mm Beta Barium Borate (BBO) crystal, introduced in
the probe beam path, via SHG process converts the 800 nm into 400 nm light. The probe beam is
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a) 800 nm pump and 400 nm probe setup. The Beta Barium Borate (BBO) crystal is used for the
frequency doubling of the probe beam. b)1 THz pump and 400 nm probe setup. The THz pulse is
generated via the tilted-pulse front setup discussed in the manuscript. For both experimental
configurations, the pump beam is incident close to the normal incidence regarding the sample surface.

For the probe, the angle of incidence is about 10 to 15°.

Figure 2.2 — Schema: The two pump-probe setups used in this work.

incident at ~ 10° to 15° angle to the sample surface. The measurement of change in the probe beam
transmittance relies on the combination of balanced and lock-in synchronous detection techniques.
For the balanced detection, 50 % of optical power is directed towards the reference photodiode.
The signal part of the probe beam is focused onto the sample (with the spot size of &~ 150 pm at
FWHM) and is recorded by the signal photodiode of the NewFocus 2307 detector. The difference
between the signal and reference inputs of NewFocus 2307 is fed to the SRS-830 Lock-in amplifier.
The lock-in extracts the signal at the modulation frequency of the mechanical chopper (500 Hz)
introduced in the pump beam path.

The conventional 800 nm pump/400 nm probe configuration is shown in the Fig.2.2a. Here, the
pump is focused down to ~ 200 pm spot diameter at normal incidence in respect to the sample

surface. Visible probe and near-IR pump beam sizes were measured with a CCD camera.

The main experimental configuration in this work is the THz pump/400 nm probe, shown in the
Figure 2.2b. Here, THz pulse with a central frequency of 0.64 THz is generated with the tilted-pulse
front method, discussed later in the text. THz emitted from the lithium niobate crystal (LiNbO3)
is collected and focused with a one-inch off-axis parabolic mirror (OAPM), having a two-inch focal
length. The THz beam size was measured with a knife-edge method and was estimated to be equal
to roughly 615 pm in diameter. The maximum THz pulse energy used in the experiment is around
1.21J. This gives us the maximum value of a peak electric field in the order of 275kV cm™!.
Details about the tilted pulse front method are discussed in the Section 2.3.1, and THz beam size

characterization is shown in the Appendix A.

2.3 Terahertz generation and detection

The part of the electromagnetic spectrum with corresponding photon energies in the range of

0.1eV-120meV is called the THz range. Nowadays, terahertz pulses can be routinely generated
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Material re(pm/V)  ng00mm  pf20mm  pTHz o THZ (o~ 1)
CdTe (SC) 4.5 2.92 3.73 3.23 438

GaAs (SC) 1.43 3.68 4.18 3.61 0.5

GaP (SC) 0.97 3.18 3.57 3.34 1.9

ZnTe (SC) 4.04 2.87 3.31 3.17 1.3

GaSe (SC) 1.7 2.85 3.13 3.72 0.07
LiTaO3 (FE) 30.5 2.145 2.22 6.42 46

LiNbO; (FE) 30.9 2.159 2.23 5.16 16

DAST (0OC) 77 2.38 3.31 2.4 150

Here, SC stands for semiconductor, FE is ferroelectric, and OC is an abbreviation of organic crystal.
From [38]

Table 2.1 — Properties of the materials suitable for the optical rectification

in laboratory conditions via optical rectification in semiconductors [37,65], ferroelectrics [66], or-
ganic crystals [67], in air plasma [68], using synchrotron radiation [69], free-electron lasers [70],
photoconductive switches [71] and spintronic emitters [1]. Furthermore, the THz radiation can
be detected and measured with multiple techniques, such as pyroelectric detection, electrooptic
sampling (EOS) [72], using photoconductive antennas [73,74], bolometers, air biased coherent de-
tection [75], and THz radiation enhanced emission of fluorescence [76]. This section will discuss

the THz generation via optical rectification and EOS detection principles.

Light propagating inside a nonlinear optical medium can create second-order nonlinear polar-
ization P®). As discussed in the Section 1.3.1.1, the rapidly varying femtosecond pulse envelope
may lead to transient precession of P in the far- or mid-infrared frequency range due to the
difference-frequency mixing of a spectrally-broad light pulse. The second-order nonlinear suscepti-
bility (x® (€, w1, ws)) describes the efficiency of the optical rectification process. As an example,
for F43m space group (ZnTe, GaP, GaAs) the x(?)(Q,w) tensor has only one non-vanishing diag-
onal component and is linked to the nonlinear optic tensor d;;(w;,w;) and electrooptic coefficient
ri; as [23,72]:

2,2,
_MingTi

Xz('Jz‘)(QaWiawj) =2d;; = 1

(2.5)

For simplicity, we will drop the tensor notation, and will speak in terms of the effective nonlin-
ear susceptibilities ng)(ﬂ,w) and electrooptic coefficients 7. (€2). The list of some THz emitters

suitable for optical rectification is shown in the Table 2.1.

2.3.1 Terahertz generation: optical rectification

Since OR is a second-order nonlinear effect, the efficiency of the THz generation depends on the
so-called velocity matching along the volume of the nonlinear crystal. For the in-phase precession

of P inside the nonlinear crystal, the following condition needs to be satisfied [77):

800nm __ , THz 800nm __ ,_ THz
Vgr =v 7 or ng, =n""7 (2.6)
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a) The 4f-lens tilted-pump-pulse-front generation scheme. The diffraction angle 64 was set to 57.15°, with
Oin = 63°. Two lenses with f; = fo = 250 mm and f3 = f4 = 150 mm were used, with a magnification
factor 8 = 0.6. The pump pulse front is tilted by the angle 74, so that Uggo M eos(Vile) A v leading
to the efficient THz generation. Figure adapted from [66]. b) The temporal shape and spectrum (inset)
of the THz radiation emitted from the MgO:LiNbO3s source in the tilted pulse front experimental setup,
measured with (110)200 pm GaP. The ETu, at the entry surface of the crystal was extracted by
accounting for the response function of the detection crystal, discussed in the Section2.3.2. The THz field
value was cross-verified with the calibrated pyroelectric detector. b) The linear polarization of the

MgO:LiNbO3 THz source, measured with pyroelectric detector and Wire Grid polarizer.

Figure 2.3 — Tilted pulse front generation layout and THz spectrum.

i.e., the group velocity of the femtosecond pump should match the phase velocity of the emitted
THz pulse. From the Table 2.1, we see that for some crystals (ZnTe and GaP), this condition
is somewhat fulfilled, leading to the broadband THz emission (within 3-7 THz frequency range)
[65,78]. However, the phonon-polariton coupling can severely reduce the optical rectification (OR)
bandwidth for the photons with frequencies close to the lattice optical phonon modes (see Section
1.3.1).

The titled pulse front method:

From the table 2.1, we see that lithium niobate (LiNbO3) ferroic crystal has high values of 7,
almost one order of magnitude higher than the ones of ZnTe and GaP. But, due to the high-velocity
mismatch between the optical pulse and THz wave, complemented with increased THz absorption,
these crystals are not efficient THz emitters in the colinear geometry, with conversion efficiency

less than 0.001 %. However, as proposed by Janos Hebling et al. [38,79], by tilting the pump-pulse
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front, one can overcome the velocity matching restrictions inside the LiNbOg crystal. Using this
technique, the group of K.Tanaka has achieved record generation efficiency of about 0.1 % with
LiNbOj crystals, reaching the peak THz field values of 1.2MV cm ™! [66].

Fig.2.3a shows the geometry of the tilted-pulse front THz generation method. The diffraction

grating, in pair with the two lenses, is used to tilt the intensity front of the pump by an angle ~;t:
Ve o8 (i) A o™, (2.7)

For the THz emission perpendicular to the crystal surface, the latter should be cut at the specific
angle 0yn, equal to the front-tilt angle =y Then, the experimental parameters, such as diffraction
angle 64, crystal angle 61N, and diffraction grating groove density p are chosen to satisfy the two

following relations [66]:

mAop

R0 B, cos 8, 200 tanfin = 00" By tan 6, (2.8)
gr 1

tan gy =

with diffraction order m and pump pulse carrier wavelength Ay, where 5, and 5 are the horizontal

magnification factors of the 4- f system for the pump pulse front and the grating image, respectively.

In this work, we use MgO doped LiNbOj cut at fyn = 63°. The 4-f imaging system is built with
two spherical lenses with f; = fo = 250 mm and f3 = f4 = 150 mm, leading to the magnification
factors of 81 = 2 = 0.6. The deviation angle of § = 0; — 6; ~ 17.3° was achieved with grating
period p = 1800 mm ™! and m = —1 diffraction order. The THz emitted from the LiNbOjs crystal
was collected with a one-inch off-axis parabolic mirror (OAPM) having a two-inch focal length.
The THz temporal waveform, shown in Fig.2.3b, was recorded with a 200 pm (110) GaP crystal,
in pair with two Wire Grid (WG) polarizers used as field attenuators. The estimation of peak THz
power was done with the EOS response function (see Section 2.3.2) and with the help of calibrated
pyroelectric detector, accounting for the focused THz beam profile (see Appendix A). In addition,
the THz power measured as a function of the WG polarizer angle confirms the linear polarization

of the LiNbO3 source (see Fig. 2.3¢), which is perpendicular to the polarization of the pump pulse.

2.3.2 Electrooptic terahertz detection

Back in the 1980s, Auston [72] introduced a method of time-resolved gating of the THz electric
field with the stroboscopic approach, displayed in Fig.2.4a. Such EOS detection technique is based
on the Pockels effect (or linear Kerr-effect) in noncentrosymmetric crystals describing the electric
field induced birefringence. For the EOS detection, Pockels effect is used to measure the change in

the sampling pulse ellipticity inside the electrooptic crystal in the presence of the THz field.

Let us use the Jones Matrix formalism to describe the final polarization state of the sampling

pulse, initially polarized along the z-axis [41]:

1
Ppr = [ 0 ] (29)
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a) Both 800 nm probe and THz pulses are incident onto the electrooptic sampling crystal ((110) ZnTe).
With the controllable temporal overlap between the probe and THz pulses (via mechanical delay line, for
example), one can point-by-point measure the ellipticity of the probe beam proportional to the Eru,.
The ellipticity is then recorded by measuring the difference between the two orthogonal probe
polarization components, equal to zero in the absence of the THz. b) THz detection geometry. In this
thesis, we are always in Ern, || Fp, ¢ = 1 experimental configuration, which is kept constant for all THz

detection experiments. Image is redrawn from [80].

Figure 2.4 — Principle of the field-resolved electrooptic detection.

According to Eq.1.98, the electrooptic crystal will act as a THz field amplitude dependent phase
retarder, where the phase shift I' equal to:

_ 23T Erm, L

r
e ’

(2.10)

where L is the crystal thickness and A is the wavelength of the probe beam. Then, the total phase
shift experienced by the probe is equal to [41]:

1

CZnTe =5

5 (2.11)

el 4 =il @il _ =il ]

eiF _ e—iF eiF + e—if‘

We then introduce Quarter wave plate (QWP) after the EOS crystal, with its fast axis oriented at

+45° to probe beam polarization:

Qa5 = \}i( ll 21 > (2.12)

Next, the resulting polarization state of the probe beam will write:

1 cos' —sinT’
— .C CPpr = —= . 2.13
P = Quis- Czure - Py V2 ( i(cosT +sinT) ) ( )
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Finally, one can spatially separate two orthogonal probe polarization components (z and y)
with a Wollaston prism (WP). Then, we can measure the difference between x and y intensities
using the balanced detection (See Fig.2.4a). In the absence of THz electric field inside the crystal,
‘2 = ‘py|2
normalized power seen by the balanced photodiodes is:

since |py , measured signal will be zero. Then, in the presence of Ety, (ETh, # 0), the

yl* = [pa”
z Y

For I' <« 1, we can assume that sin(2T") = 2I". Then, with Eq.2.10 and Eq.2.14 we can write:

B 2mn3res Era, L SA

r \ = FEryg, = (215)

n3resL

By changing the temporal overlap between the short sampling pulse and the THz waveform, one

can point-by-point record S(7) (see Eq.2.14), and thus measure the shape of the THz electric field.

Moreover, the efficiency of the THz detection strongly depends on the orientation of the THz
polarization (angle ¢) and the probe beam polarization with respect to the crystal z-axis (angle
@), depicted in the Fig.2.4b. Planken et al. [80] have deduced the dependence of the electrooptic
signal strength on the angles ¥ and ¢:

S(7) o (cossin 2¢ + 2sin 1) cos 2¢). (2.16)

We remind that ¢ and ¢ are the azimutal angles between the Ery, and Ej, in respect to electrooptic
detection crystal z-axis. In this thesis, we have set ¢ = ¢ (meaning that E,, || ETu,), and we rotated

the crystal to obtain maximum possible signal.

THz detection sensitivity improvement: In Chapter 4, we sample low-amplitude Ery,(7)
fields, which requires a lot of averaging in the conventional electrooptic detection scheme (with
Q+45)- To improve the sensitivity of the EOS, we use the simple experimental technique first
described by J. A. Johnson et al. [81] and then further simplified by P. Krauspe et al. [82], with a
theory established by J. Brunner et. al. [83].

Experimentally, this approach could be regarded as the decrease in the ratio between the optical
bias and the effective electrooptic signal. In a general way, the measured EOS signal (see Eq.2.14)
can be defined as the function of I' and Quarter Wave Plate (QWP) angle « (see Fig.2.5a) as [82]:

arcsin(S(a,I')) = + 2cot(20)% - T2, (2.17)

sin(2«)
where the first term is the linear part of the signal, directly proportional to Ery,. The second
term is the quadratic contribution, proportional to |Erm,|?>. One can retrieve the conventional

EOS equation (Eq.2.14) for @ = £45° since the quadratic term and the a-dependence can be
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neglected. However, for small Ery,-induced phase (I' < 1, sin(I") &~ I'), the subtraction of signals

measured for +« yields:

S(a,T) - S(~a,T) = Sm‘ga), (2.18)

returning only the linear contribution to the S(7), but improved (or enhanced) by the factor of

1/sin 2. In analogy, the addition of the two signals recorded for +a:
S(a,T) + S(—a,T) = 4cot(2a)* - T? (2.19)

will contain only information about the quadratic contribution to the measured EOS signal.

To check this method, we first use the 500 pm ZnTe emitter and detector, and measure THz
waveform in the function of the QWP angle a. For o # 45° a variable attenuator (VA, shown
in Fig.2.5a) needs to be used to re-balance the photodiodes. Fig.2.5b depicts the change in S(7)
with the decrease of QWP angle . The data for o > 1.7° is not shown, since the waveform is
indistinguishable from the one recorded for o ~ 45°. For a < 1.7°, the nonlinear contribution

starts to dominate, resulting in the noticeable distortion of the measured THz field [81].

Since we can not control QWP angle o with high precision, manual rotation of the mechanical
components can lead to questionable eperimental reproducibility of the undistorted THz waveform
retrieval, especially for small values of . Due to this mechanical limitation, the study of the THz
emission from spintronic emitters was done for the fixed value of . QWP angle o was selected so
that the quadratic contribution to S(7) is negligible (i.e. 2I'/sin(2a) < 2cot(20)*-T'2, see Eq.2.17).

In this case, the measurement for £« can be avoided.

In order to select the appropriate value of «, we replaced the 500 pm ZnTe crystal with spintronic
THz emitter CoFeB(20 nm)/MgO(6nm) . All other experimental parameters were kept the same
as before. The recorded THz waveforms for a ~ 0.25° and a = 45° are shown in the Fig.2.5c.
When two measurements normalized by the peak-to-peak amplitude of the respective signal, perfect
overlap of the normalized THz waveforms indicates the absence of nonlinear distortion (see inset
of Fig.2.5¢). This is expected, since THz emitted from CoFeB(20)/MgO(6) is way weaker than
the one generated with 500 pm ZnTe crystal, roughly by the factor of 800. In addition, the field-
induced phase retardation I' of CoFeB(20nm)/MgO(6nm) at a = 0.25° is still smaller than the
signal obtained 0.5 mm ZnTe at o ~ 45°.

From this, in the absence of the signal distortion, one can directly estimate the detectivity

enhancement factor Agog as:

S(a,T)

55, 1)’ (2.20)

Agos =

1. Discussed more in the Chapter 4
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a) THz detectivity enhancement experimental setup. The Quarter Wave Plate (QWP) angle, different
from « = 45° will break the balance between the orthogonal components of the probe pulse polarization.
The Variable Attenuator (VA) is then used to match the intensities at the two channels of the balanced
photodiodes.The different QWP angles a define the ratio between the effective EOS signal and the total
laser intensity seen by the balanced photodiode. b) THz fields recorded for the (110) 0.5 mm ZnTe
crystal. The distortion of the waveform for the low « is related to the dominance of the nonlinear
contribution to the detected signal (see Eq.2.17). ¢) THz detectivity enhancement for the low-amplitude
THz emitter CoFeB(20nm)/MgO(6 nm). Inset: Normalized to the peak-to-peak field THz waveforms,
showing the absence of distortion even at the low QWP angles . d) THz emitted from the
CoFeB(5nm)/Pt(3 nm) before (a & 45°) and after (o & 0.7°) detectivity enhancement and its spectrum

e), showing the x8.5 increase of the signal with negligible nonlinear distortion.

Figure 2.5 — Electrooptic sampling detectivity enhancement.
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which, for CoFeB(20 nm)/MgO(6 nm) is equal to:

5(0.25°,T)

AEOS = m ~ 50 (221)

All the THz signals discussed in the Chapter 4, were measured with this technique. However,
at first all signals were recorded without the EOS detectivity enhancement. Then, the experiment
was repeated for the fixed value of a = 0.7°, for which THz detected from all spintronic emitters
showed no distortion. Figure 2.18d displays the "raw" (o = 45°) and enhanced signal (a = 0.7°)
of the most efficient spintronic emitter in our disposal, CoFeB(5)/Pt(3). For the enhancement
factor Agos of about 8.5, both the THz waveform and its spectrum remains unchanged, indicating
the presence of only linear contribution to S(7). In addition, the dependence of emitted Er,
amplitude on the NIR pump power was measured at conventional a = 45°, in order to be free from

the possible detection nonlinearities present for the higher-amplitude THz fields.

In theory, for the low electric field amplitudes, the improvement factor Agpg can be increased
even further, but mainly limited by the damage threshold of the EOS crystal and the reasonable
amount of optical power required for the balanced detection. For example, one can increase
the sampling beam size in order to reduce the optical fluence ® inside the detection crystal. In
addition, one can replace a conventional balanced detector by the pair of avalanche photodiodes
for low o < 0.1°. Ultimately, this technique can be applied for any polarization-sensitive detection.
In principle, this THz detectivity enhancement technique based on the QWP-detuning can be used
for both kHz and MHz oscillators, but it requires an excessive sampling pulse optical power density,

and signal-to-noise ratio may be limited by the electronic noise in the case of MHz oscillators.

Electrooptic response function: Since EOS is governed by the crystals’ effective electrooptic
coefficient rog, the detection efficiency and bandwidth strongly depend on the ionic and the optical
properties of the detector. For example, when THz phase - sampling pulse group velocity mismatch
is negligible, and with THz pulse having frequency components out of the range of detection crystal
lattice optical phonon resonances, measured signal will be the direct replica of the THz electric
field, i.e., S(7) < Erpn,. In reality, however, detected signal S(7) is a result of the convolution

between the frequency-dependent detector response and THz electric field [37,65, 78]:
S(1) = Erna(7) ® hpos(7), (2.22)

where hgogs(7) is the EOS response function of the nonlinear medium, and ® is the convolution

operator. In the frequency domain, the latter equation can be rewritten as:
S(82) = Etua,(2) x hgos(w, ), (2.23)

where w and () are the angular frequencies of the Near-IR sampling pulse and THz waveform,

respectively.
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From the physics perspective, hgos(w, 2) contains the information about the phase-matching,
sampling pulse-THz wave interaction, and EOS detection bandwidth. According to Kampfrath
et.al. [84], hpos(w, ) is expressed as:

dit15(9)

hros(w, 1) = 2

/ dwE* () Es(w — Q)C(w, Q)T (w, Q) P(w, ), (2.24)
w>0N

where 15 is the Fresnel transmission coefficient for the air-crystal interface, Eg(w) is the spectrum
of a sampling pulse. The first coefficient C'(w, Q) describes the nonlinear terahertz - sampling pulse

interaction:
O(w, Q) = w? x X\ 7w — Q,Q)/kw), (2.25)

with k(w) = n(w)w/c being the sampling pulse wave-vector. Next, T(w, ) is the "composite"

sampling pulse transmission coefficient:
T(w, Q) =t (w) x tia(w — Q) x exp[—2dso Im{k(w)}] X |ta1]?, (2.26)

with ¢ being the crystal-air Fresnel coefficient, and d;,; is the total thickness of the EOS crystal
(electrooptically active layer plus the substrate). The last term, P(w, () is the phase-matching
coefficient, describing the frequency-dependent velocity mismatch between the THz and sampling
pulses:

exp(iQd[v];h1 Q) —v, H(w)) -1

P(w,Q) = — 2 e , :
(8 200, Q) v, (@) (2:27)

with d being the thickness of the electrooptic crystal (only of the active layer).

Here, we use (110) 500 pm thick ZnTe and (110) 200 pm thick GaP for EOS detection. For
ZnTe, refs [85] and [86] were used to calculate the NIR and THz refractive indices, respectively, with
refs [87] and [88] containing information about GaP detector. The ng)f (w—Q,Q) was calculated
from [37] and [89] for ZnTe and GaP, respectively. For the NIR pulse parameters, we use the

central wavelength of 800 nm and pulse duration of 165 fs.

The calculated response function hgog(w, ) of the 500 pm thick ZnTe is shown in the Fig.2.6a.
The rapid phase loss around 3 THz corresponds to the TO and LO phonon-polariton coupling with
THz light, where fro ~ 5.3THz [37]. For the (110) 200 pm thick GaP the response function is
mainly limited by the sampling pulse bandwidth 2, since the fro ~ 11 THz.

In order to check the correctness of the calculated hgog(w,2), we measured THz emitted from
the same (110) 500 pm thick ZnTe emitter using two distinct GaP and ZnTe detectors. The "raw"
signals recorded with 500 pm thick ZnTe and 200 pm thick GaP crystals are shown in the Fig.2.6c.
We see roughly 10 times less signal for the GaP detector, which is expected due to the 4 times

smaller 7o (see Table 2.1), 2.5 times thickness difference and difference in the refractive indices

2. From Shannon-Nyquist sampling theorem, the detection bandwidth of the 165fs pulse is in the range of
~ 3 THz.



52

CHAPTER 2. EXPERIMENTAL METHODS

<10° ZnTe 500 um
a) T T T T T T T T T T T 0.5
30 H 1
= - 0.0
25 .
£ I )
> 201 - &
S c
% 15+ - 7]
z s g
= s
10 4 2
54 . L
0 T T T T T T T -3.0
0 1 2 3 4 5 0 2 3 4 5
Frequency (THz) Frequency (THz)
x108 GaP 200 pum
b) T T T T T T 20
s o L 16
‘0
E ‘,l E
2 S 12 ©
% o 8
ng B o‘ - 0.8 Qm
- 2
[
L - 0.4
‘l
- T T 0.0
0 2 3 5
Frequency (THz) Frequency (THz)
T T T T T T T T T T T T T T T T T
C) 0.06 - GaP 200 pm | d)3_ GaP 200 um |
ZnTe 500 pm ZnTe 500 pm
—~  0.04 . 27
E £
=} 2
. 14
f% 0.02 . -?iN
= E
& m 0
wn
0.00 - \
-1
-0.02 .
T T T T T T T T T -2 T T T T T T T
0 1 2 3 4 5 6 7 8 9 10 0 2 3 4 5 6 71 8 9 10

Time delay (ps)

Time delay (ps)

Electrooptic response functions hgos(w, 2) calculated for the (110) a) 500 pm thick ZnTe and b) 200 pm
thick GaP crystals. ¢) The S(7) measured for the ZnTe and GaP detectors. While using the GaP

crystal, we observe the roughly 10 times less signal compared to the ZnTe detector. d) Retrieved

waveforms, obtained with the Eq.2.23.

Figure 2.6 — ZnTe and GaP response functions and retrieval of the Eru, shape.

(see Table 2.1). However, after accounting for hgos(w,2) of a given detector, we recover nearly

identical shape of the Ery,, as shown in Fig.2.6d.
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One should note that Fig.2.6d gives us the approximate shape of Ery,(7) in front of the
detection crystal. In Chapter 3, we apply such hgogs(w,Q2)-deconvolution to the THz emitted
from LiNbOj crystal, since the information about the Ery, waveform just in front of the sample
is essential for the measurements interpretation and first-principle calculations. However, due
to the fact that the THz emission experiments presented in Chapter 4 were done for the same
detection crystal, it allows us to directly compare all the measured signals. In addition, one can
estimate the electric field waveform at the emitter position, taking into account the spatio-temporal

transformation focusing distortions of the THz pulse [90,91].

2.4 THz time-domain spectroscopy

The THz time-domain spectroscopy (THz-TDS) allows studying the static or transient material
properties in the far-IR/THz range. The review of the different sources used for the THz-TDS,
potential noise sources, the influence of the experimental settings were described by J. Neu and C.
A. Schmuttenmaer [92].

Free-standing film or bare substrate: The dielectric function of the free-standing film
can be measured as follows. First, the waveform of the reference pulse S;.¢(7) with no sample in
the path of THz, in pair with the noise Syoise(7) 2, propagating through the free space is recorded.
Second, the sample with the thickness d is introduced in the THz beam path, and sample signal
Ssam(7) is recorded. Next, one can write the ratio between the reference and sample signals in the

frequency domain as:

H(Q) = S(Q)sam o EEsam(Q) x hgos(w, 2) B EEsam(Q)

S(Q ref B ref(Q) X hEOS(UJ,Q) - ref(Q) ) (228)

where the response function of the detector is mathematically irrelevant. In this type of experiment,
the signal-to-noise ratio is really important, especially for frequencies close to the detector lattice

resonance modes, for example.

Next, the amplitude A(2) and the phase ¢(£2) of the THz-TDS ratio H(f2) are calculated. By
knowing the thickness of the sample d, the refractive index of the free-standing film n () is given
as [93]:

n(Q) =1+ 576(Q). (2.29)

From the calculated refractive index, the absorption coefficient «(£2) can be estimated as:

n(Q) + 1]2}  2uTm(k())

a(Q):—Zln{A(Q) (- . (2.30)

However, it is important to know the sensitivity of the experiment. The ratio between Syet(£2)/Shoise(€2)

3. When the THz source is blocked.
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Figure 2.7 — THz refractive indices and absorbance of the free standing Si, HDPE and Glass substrates.

is used to estimate the experimental dynamical reserve (DR)* of the experiment [93]:

4. Or signal-to-noise ratio.

(2.31)



55 CHAPTER 2. EXPERIMENTAL METHODS

It should be noted, that () < amax(€?) is the criterion of the reliable measurement of both n and
«. In addition, we manually limit the THz-TDS resolution up to 3 THz, close to the high-distortion
of the hgpos (see Fig.2.6a).

Next, we have measured refractive indices and absorption coefficients of the High-Resistivity
Float-Zone Silicon (HRFZS) wafer, High-Density Polyethylene (HDPE), and Float-Zone Glass
substrates (see Fig.2.7). We observe a flat refractive index and absence of absorption in HRFZS
and HDPE, in good agreement with the literature [94,95]. On the other hand, the glass shows
strong n(€2) and «(Q) frequency dependence, which leads to the strong distortion of the transmitted
THz pulse [96].

The primary purpose of the HDPE sheet (with band-gap energy in the range of 4.6eV or
270nm [97]) is to diffuse and filter out the pump beam, used for the THz generation in the collinear
configuration (ZnTe, GaP, spintronic emitters). In addition, we use HRFZS wafer to completely
remove any remaining pump residue. The HRFZS THz transmission, placed after the single HDPE
sheet, was estimated to Turrzs = 67 %, in good agreement with multiple reports [66, 94, 98].
However, the removal of HDPE sheet before the HRFZS leads to the photoexcitation and pump-
power dependent THz absorption of the latter, as discussed in the Appendix F.

Thin metallic films: For the thin film with the thickness dg), deposited onto the thick
substrate, the THz amplitude transmission H () (see Eq.2.28) will be the product of the THz
pulse multiple reflections at the film interfaces, paired with THz absorption in the metal film and
the substrate [99]:

_ tiatasts - explik2(Q)dgim] - exp[iks(Q)dsub]

H(Q
() 1+ 712723 exp[2ik2 () dpiim]

, (2.32)

where k1, ko and k3 are the complex THz wave vectors in air, metallic film and substrate, respec-
tively. However, one can simplify the latter equation,if the THz-TDS signal of the bare substrate
Ssub(€2) was used as the reference [100]:

H(Q) = ‘gsam((g)) -expli(nz(Q) — 1)AdsubQ/c], (2.33)

sub

where we account for the reference and sample substrate thickness mismatch with Adg,,. If the

metallic film is smaller than the THz wavelength and penetration depth, the Eq.2.32 becomes:

HQ(Q) =+ ’rlg(Q)
2 () + n3(Q) + Zo [ dzo ()’

H(Q) = (2.34)

with the free space impedance Zy = 377 2. Here, the frequency dependent conductivity o(Q2) can
be calculated with the Drude model:

o(Q) = ¢ (2.35)
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a) Schema of the THz beam-shaping experiment. The ZnTe crystal is used as the THz radiation and
EOS THz detector source. THz filter is used remove the 800 nm pump residue. Both THz Wire Grid
(WG) polarizer and WG analyzer are initially set for the maximum THz transmission. b) Sketch of the
experimental geometry. z-cut Quartz, with its fast axis set at roughly 45° relative to Eru, polarization
direction. z-cut Quartz is then placed between the fixed WG polarizer and the rotating WG Analyzer.
c) Recorded FFT amplitude in the absence of 3 mm Quartz crystal (black line), and for the given angle
of the WG analyzer. d) Plot of the THz spectral centroid (see Eq.2.37) as a function of the WG analyzer

angle.

Figure 2.8 — Influence of the z-cut Quartz on the THz spectrum.

where 7. is the electron scattering rate. It is relatively straightforward to measure the optical
properties of a thin metallic film on the substrate, using THz transmitted though the bare substrate

as the reference. In that case, the use of sophisticated THz-propagation models is not necessary
[101].

THz-TDS is a powerful technique that allows directly measuring and extracting the material
properties in the THz range, but it has its limitations. For example, too strong (o = amqz) Or
negligible absorption in the THz range define the sensitivity of the experiment. On the other
hand, the physical properties of the detector and the environment the experiment is performed in

(vacuum or air) ultimately define the detection bandwidth.

2.5 THz pulse shaping

Here, we present a method to modify the spectrum of the THz pulse after the propagation
through the birefringent Quartz crystal. We then study the influence of 3 mm thick z-cut Quartz
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crystal on the THz pulse polarization and spectrum. In this experiment, we use a 500 pm ZnTe

crystal as both THz source and detector.

First, we have recorded the reference THz spectrum in the absence of the z-cut Quartz, dis-
played as a black curve in Fig.2.8c. Next, we placed the z-cut Quartz crystal between the Wire Grid
WG polarizer analyzer, with its fast axis oriented at Oquartz = 45° relative to Ery, polarization,

and measured the THz spectrum in the function of the WG analyzer angle (see Fig.2.8b).

The rotation of the WG analyzer will select a specific polarization component of the Fry,,
which is then directed towards the EOS detector. To be in an optimal EOS detection condition,
we have kept the angles between z-axis of the detection crystal, Ery, and E, field vectors fixed

through the experiment (as described in the Section 2.3.2).

THz spectra, measured for § = 0°, 50°, and 90° are shown in the Fig.2.8c. The observed
modification of the THz spectrum amplitude, can be explained with the Eq.1.98. For this we
can calculate the frequency-dependent phase shift within 0 to 4 THz range, experienced by the

sampling pulse:
Q) = (ne — no)T, (2.36)

with z-cut Quartz thickness L = 3mm. We took n, = 2.113 and n., = 2.156 values from the
manufacturer, measured at 1THz®, and do not account for the possible frequency dependent
Ne—o(€2). The result of the calculation is shown in the Fig.2.8c as orange dash-dot line. For
example, we see that the z-cut Quartz should be analogous to the half-waveplate at frequency of
1THz, or act as quarter-plate at 0.5 THz. This is why we observe close to zero FFT amplitude at
1 THz for WG analyzer fixed at § = 0° (behaves as A/2 plate), and no change at 0.5 THz frequency
(behaves as A/4 plate).

We then can calculate the spectral centroid in the function of the WG analyzer angle, i.e. to

see how spectrum center of mass evolves for selected Ery, projection:

Ym0 nA[1]

, 2.37
S Al (237

Spectral Centroid =

where A[n] is the FFT amplitude corresponding to the n-th point of the spectrum. Figure 2.8d
shows the Spectral Centroid as a function of the WG analyzer angle 6. As a result, due to the
strong I'(Q) frequency dependence in Quartz, the THz spectral centroid of the ZnTe crystal can
be tuned in 1.2-1.4 THz frequency range.

One should note that the most direct way to shape the spectrum of the THz pulse is to change
the thickness of the electrooptic crystal (see Eq.2.27). As an alternative, the tilted pulse front setup
(TPFS) can be realigned to satisfy the phase-matching condition within 0.5-3 THz range [38,102].
However, due to the high realignment complexity of the TPFS setup, the 3mm z-cut Quartz

crystal could be a simple alternative for the post-emission THz pulse-shaping.

5. See THz materials section on the Tydex website.


http://www.tydexoptics.com/products/thz_optics/thz_materials/
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a) The black line is the pristine THz waveform of the ZnTe 0.5 mm emitter. Red, blue, and green lines
are the signals measured with the z-cut Quartz introduced between fixed WG Polarizer and rotating
WG Analyzer. b) The FFT amplitude ratios between the reference waveform and signal sampled for the
specified WG Analyzer angle. ¢) Pristine, or reference spectrum of the LiNbOs THz source (black), and
retrieved spectra of the LiNbOg source for the given WG analyzer angle. d) Retrieved THz transients
obtained by performing the Inverse Fast Fourier Transform (IFFT) to spectra presented in c). Signals
shown in a) were multiplied by the Gaussian window of the constant width to eliminate ringing due to

the water vapor absorption and THz reflection at the ZnTe-air interface.

Figure 2.9 — Reconstruction of the LiNbOs THz waveform after the Quartz waveplate.

Retrieval of the LiNbO3; waveform: In the second part of the Chapter 3 we discuss the
influence of the ETy, spectrum on the generation of the coherent phonon in BiyTez. However, due
to the laser malfunction, we have not recorded the "real" THz waveform of the LiNbO3 source as

the function of the WG analyzer angle.

Despite this inconvenience, we still are able to estimate both the change in transient and
spectrum of the LiNbO3 source in the presence of the x-cut Quartz crystal. To do so, we mounted a
separate THz-TDS setup, based on the RegA oscillator with 260 kHz repetition rate, 800 nm central
wavelength, 4 nJ energy per pulse and 160 fs pulse duration. We have used the same experimental
configuration as in the previous subsection (see Fig.2.8b), and approached this problem in terms
of the THz-transfer function, discussed in the Section 2.3.2. In this case, we directly measure the
response of the WG Polarizer-z-cut Quartz-WG Analyzer components, with 500 pm ZnTe crystal

used as THz source and detector.

First, we have sampled the reference THz waveform without the z-cut Quartz in the path of
the THz, shown as the black line in Figure 2.9a. Next, after the Quartz crystal was introduced in

the path of the THz, we have recorded the shape of the E1y, waveform as the function of the WG
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Figure 2.10 — Evolution of LiNbOs electric field spectrum in the presence of z-cut Quartz plate.

analyzer angle 0, with both WG Polarizer xz-cut Quartz fixed for maximum transmission and at

45° angle, respectively. Three signals, recorded for § = 0, 50 and 90° are shown in the Figure 2.9a.

In the frequency domain, we can calculate the change in the THz waveform, caused by the

rotation of the WG analyzer, as:

S(Qv H)Quartz

hQuartz(Qa 9) = S(Q) . )

(2.38)

where S(Q),er is the signal recorded in the absence of the z-cut Quartz plate. Figure 2.9b shows
the absolute value of the response function |hguqre-(£2, 0)| for 8 = 0°,50° and 90°, where we can see
that Quartz crystal behaves as the quarter-plate and half-plate at roughly 0.55 THz and 1.1 THz

respectively, in the good agreement with values calculated from Eq.2.36.

Since we directly measure the waveform of the THz pulse, we have access to both the real and
imaginary part of the hquartz(€2,0). We then can use the measured hquartz(€2,60) to estimate the
shape of the LiNbO3 THz waveform as a function of WG analyzer angle 6:

ETHZ(Q7 0) = ETHZ(Q) X hQuartZ(Qa 0)7 (239)

where Ery, () is the pristine LiNbO3 THz electric field, shown as the black line in Fig.2.9c. The
reconstructed LiNbOg spectra for # = 0°,50° and 90° are shown in the Figure 2.9c. By performing
the inverse Fourier transform, we have access to the LiNbO3 waveform, depicted in the Figure 2.9d.
Since we measure the transfer function of the complete WG Polarizer-Quartz-WG analyzer, this
approach indirectly accounts for the WG analyzer frequency dependent THz attenuation factor,

discussed in the Appendix A.

Figure 2.10a shows the FFT of the reconstructed Ery, waveform for the 0-90° WG analyzer
angles. The blue line shows the blue shift of the THz central frequency. Figure 2.10b links WG
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analyzer angle 6 the change in the THz central frequency (blue circles). The latter figure displays
that we are able to tune the LiNbO3 THz central frequency in the range from ~ 0.52 and up to
~ 0.73 THz. Red circles on Figure 2.10b show the measured LiNbOg3 source THz central frequency
without the z-cut Quartz, which is equal to 0.64 THz. The correctness of this reconstruction
procedure, based on the pump-probe signal sensitivity to Erp, around the time-delay zero, is

discussed in the Appendix B.

As we demonstrated, such behavior of the z-cut Quartz crystal could be used to shape the
spectrum of the hard-to-align THz sources. In this particular experiment, we change the THz
spectrum as a function of the selected THz polarization component. However, the simultaneous
rotation of both z-cut Quartz crystal with WG analyzer, such as 8y g = Oquart, should allow for
rotating the THz pulse polarization without significant distortion of its spectrum. Notably, one
can achieve more robust control over the THz pulse spectrum by adjusting the Quartz crystal

thickness.
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3.1 Introduction

The works of H.J. Maris [103], J.M. Wiesenfeld [104], G. Eesley [105] and Y. Yan [106] have kick-
started the field of picosecond laser acoustics, describing photogeneration and optical detection of
picosecond acoustic pulses in metals and semiconductors. At nearly the same moment, ultrashort
laser pulses allowed to explore the optical phonon dynamics [107,108]. The detection of coherent
acoustic and optical phonons is possible by analyzing the variation of the reflected or transmitted
probe beam intensity or polarization, which is caused by change in material properties in the
presence of the phonon strain field [109]. Most coherent phonons have been generated by near-
infrared, visible [110,111], or near-ultraviolet pulsed radiation [112,113], i.e., a light pulse close to
the resonant electronic excitation. In these cases, phonon generation is driven by different electron-
phonon collisions processes (deformation potential or thermoelasticity, for example) that we will
briefly describe in the first part of this chapter. Moreover, in some cases, stimulated Raman and

Brillouin scattering can lead to coherent lattice motion [108].

61
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Over the last decades, thanks to the recent developments in nonlinear optics, the tabletop
amplified laser systems can be used to routinely generate high peak-amplitude THz pulses [114].
Such intense electric field transients (with peak electric field > 100 kV ecm 1) having characteristic
energy in meV range, can be used to study the collective particle motion in a solid. In particular,
resonant and nonresonant control over matter [1,115] is possible through electron acceleration in the
presence of an intense THz field [116,117] up to impact ionization [118]. In addition, resonant anti-
ferromagnon excitation with THz has also been reported [119]. THz radiation can also be directly
coupled to phonons, and intense THz pulses are proclaimed as the ultimate tool of coherent lattice
vibration control [2]. Once said, only a few reports of coherent acoustic phonon generation with
THz exist at the moment, demonstrating that this area of research is almost unexplored. In the
past few years, observation of acoustic phonon signatures in AlGaAs intrinsic semiconductor has
been discussed but without establishing the nature of the microscopic mechanism at play [120].
Some reports of strain induced by microwave radiation (electromagnetic pulse in the GHz regime)
also exist [121] without a clear conclusion at the moment. This situation deeply contrasts with the
generation of coherent optical phonons by a THz pulse, for which there is much more experimental
evidence. One can cite the optical phonon generation in Tellurium [122], diamond [123] and BisSes
nanofilms [124,125], for example. Despite numerous reports, there are still some debates about
the microscopic origin of the THz-driven optical phonon dynamics, as a result of non-linear ionic

Raman scattering [2,126] or THz sum frequency excitation [127].

This Chapter will be split into two parts, where we are going to discuss the experimental
evidence of acoustic and optical phonon generation with intense pulsed THz radiation. The first
part starts by summarizing the theoretical background of the picosecond acoustic strain generation
in metals and semiconductors through thermoelastic and deformation potential stresses. After this
theoretical introduction, we will present our results of coherent acoustic phonon generation with
THz. Then, to address the microscopic mechanism at play, we compare the experimental results
of Near-IR (NIR) and THz excitation in metals such as nanometric films of Chromium (Cr) and
Aluminum (Al) where no optical phonon exist. Finally, based on this comparison, we present
the experimental evidence that thermoelastic stress in the studied metallic systems is the driving
mechanism of coherent acoustic phonon generation with THz. In this work, we evidence an ultrafast
Joule effect (carrier acceleration and electron-phonon scattering processes at the Fermi level in the
presence of a THz pulse) that can lead to similar photoinduced strain amplitudes obtained by a
lattice heating with interband NIR excitation. At the end of this part, to open new avenues, we
show how it is possible to drive acoustic phonons in more complex material as the Bismuth Telluride
(BizTes) nanofilms. Such a system is a rich platform for studying phonon generation since we find
that THz pulse can simultaneously generate both acoustic and optical phonons. Furthermore, this

constitutes the second important part and achievement of this Chapter.

The second part of this Chapter will introduce phenomenological models describing coherent
optical phonon excitation in transparent and opaque solids, including recently proposed THz ionic
Raman scattering (THz-IRS) and THz-sum frequency excitation mechanisms (THz-SFE) (2,126,
127]. Next, based on the discussion of our experimental results, we will suggest possible scenarios
regarding the driving mechanisms of Raman active Al , coherent optical phonon excitation in a
16 nm thick BisTes film with high-peak field THz electric pulses.
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3.2 Acoustic phonons generation by pulsed THz radiation

3.2.1 Theoretical Background

Following the Chapter 1 discussion, carriers generated by the absorption of the laser pulse
undergo scattering and energy exchange through couplings between electron, phonon, and spin
baths. Even though NIR-VIS-NUV light was mainly used as the pump pulse, the following model
is relevant for any kind of initial electron excitation. The resulting conversion of optical into
internal mechanical energy may lead to stress generation both at the macroscopic scale and at
the unit-cell level. From the thermodynamic point of view, the energy increase of an adiabatic
system will lead to the change in the internal pressure of a solid, known as the photoinduced stress
opr [128]. For the isotropic, 1D medium, we can write the classical equation of elastic motion, with

op1 acting as the source term [129]:

D?ul(t, 2) o u(t,z) 1 Oopr,;(t,2)
oz Von 922 p Z

- , 3.1
o (3.1)
where u(t, z) is the particle displacement, Vyy, is the strain pulse velocity, p is the density of the
medium, and opy (¢, 2) is the spatio-temporal profile of the specific contribution to the photoin-
duced stress. In complex systems (for example, in multiferroics) op; may have various simultaneous

contributions of different physical origins [129]:
op1 = OTE + 0pp + OPE + OES + OMs; (3.2)

where org, opp, 0pE, OMs, and ogg are the thermoelastic (TE), deformation potential (DP), in-
verse piezoeletric (PE), magnetostriction (MS) and electrostriction (ES) stresses. In this thesis,
however, we will discuss only the most relevant contributions for a simple metal and a semicon-

ductor, namely the org and opp.

Thermoelastic stress: The most familiar mechanism of coherent GHz-THz acoustic phonon
generation in metals is the thermoelastic stress org(z,t). The initial distribution of optical energy

deposited per unit of volume can be estimated by [131]:

Q

_% —2/E
. é_e for d>> &, (3.3)

Wopt(2) = (1 = R)

where A is the irradiated area, ) is the pulse energy, & is the optical penetration depth, R is
the laser intensity reflection coefficient and d is the film thickness. As one can notice, Wy, (2) is

initially defined over a finite distance, equal to £ (see Fig.3.1a).

Following the very fast electron-electron scattering (see Fig3.1b, electron-electron thermaliza-
tion), the hot carriers will interact with the phonons to decay to the lowest energy state (electron-
phonon thermalization). This intraband process will lead to thermal (or incoherent) phonon emis-

sion. Such increase in incoherent phonon population of the phonon band m (p?, (k)) will contribute
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a) Simplified schematic of picosecond acoustic pulse generation in metals. The metal film absorbs the
laser pulse within a finite volume, given by the optical penetration depth £, leading to the
non-homogeneous deposited energy profile. The rapid lattice thermal expansion or contraction leads to
the emission of the strain pulse. b) From left to right: The laser pulse is locally absorbed by the electron
subsystem, reaching the temperature T.. After the electron-electron thermalization, electrons transfer
their excess energy to the lattice via electron-phonon coupling (Ge.pn). The lattice temperature increase
will result in the contraction/dilatation of the lattice, leading to the emission of a strain pulse from the

excited surface area. After [130].

Figure 3.1 — Strain generation via the thermoelastic process.

to the thermoelastic stress as [9,129]:

ore(z,t) = —Zépfn(k)ﬁ/,um,k'yg%k = —yrc 0T (2, 1), (3.4)

m,k

where vy, is the averaged Griineisen coefficient for all k-dependent Griineisen factors over m phonon
bands, ¢y, is the lattice heat capacity per unit of volume and §77, is the increase in the lattice
temperature. From the macroscopic point of view, the latter equation is equivalent to the one

observed with the thermodynamic relation:

1 0P

5: 37387 V, (3'5)

where [ is the linear expansion coefficient, P is the pressure, and B is the bulk modulus. The lattice
expansion is related to the increase in the internal pressure of a solid (¢ = —AP by convention).

With this, we arrive to the macroscopic formulation of the thermoelastic stress:
O’TE(Z7 t) = —3Bﬂ(5TL(2, t). (36)

One should note that temperature-driven lattice expansion is possible only for an anharmonic
interatomic potential [9,129]. For metals, if we assume the complete transfer of the energy from

electron to phonon system, we can write [129]:

STy (2, 1) = %Lt)h” (3.7)
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a) The absorption of the laser pulse leads to the electron-hole pair creation, and the change in the
electronic distribution E. b) In turn, this shift in the electronic distribution 6 E modifies the interatomic
interaction which leads to the strain generation (6V/V). ¢) Over bandgap excitation (hw > F,) leads to
both deformation potential stress (§F) and thermal phonon emission. Adapted from [129,132].

Figure 3.2 — Band-structure picture of the deformation potential stress.

where NV is the photoexcited carrier concentration and hv is the pump photon energy. In addition to
the stress generation through the lattice heating, one needs to account for the photoinduced change
in the electronic distribution, i.e., deformation potential stress, resulting from the light-induced

modification of the electron-cation interaction.

Deformation potential stress: The deformation potential stress (opp) can be described as
interatomic potential modification due to the change in the electronic distribution. For example,
the change in electronic energy in the band n by an amount 0E,, i (see Fig.3.2a), may lead to the
volume change of a solid [24,129]:

% 0B,k

~ _eh
14 n,k dn,k

(3.8)

where dj’lhk is the deformation potential coefficient of the energy level E,, .. The change in electron-
hole distribution described by § E,, i, will affect the interatomic potential. This will result in the ion
displacement and creation or annihilation of a phonon, as shown in the Fig.3.2b. The deformation
potential stress is usually expressed in terms of the light-induced modification of carrier population
dps (k) at different energy levels E, i as [129]:

OE,
oDp = = > 0, (k) Bu e = 3 87 (k) 52, (3.9)
n,k n,k n,

where 17,1, is the strain generated by the change in electronic distribution, and v is the electron

Griineisen coefficient.

General case: In reality, both opp and org can simultaneously contribute to the total
photoinduced stress in both metals and semiconductors. In metals, the non-negligible opp can exist

for high electron temperatures. Therefore, the total photoinduced stress, as a sum of thermoelastic
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and electronic equivalent of the phononic pressure is defined as [129,133]:

0 =org + opp = —3BBOTL, — vecedT, (Metal) . (3.10)

with ~. and ¢, the electronic Griineisen coefficient and the electronic heat capacity.

In the semiconductor, upon the electron and hole intraband thermalization (i.e. when the elec-
trons and holes are localized at the bottom or top of the conduction or valence bands, respectively),

the deformation potential can be written as:

_ 8E§ _ %_ ch
O-DP_Naf __NBaP = —Nd 5 (311)

where d°" is the electron-hole deformation potential parameter for this particular electron-hole
energy distribution. Finally, when the incident photon energy is larger than the bandgap (fw > Eg,
see Figure 3.2c), one should account for both the deformation potential and thermal phonon
contributions [129,131]:

- F
o =opp +org = —Nd™" — 3BﬁN(hw67g) (Semiconductor) , (3.12)
L

where 67, = N (hw%LEg) is the contribution to the heating of the lattice due to the intraband
relaxation process. Usually, linear expansion coefficient 3 is positive for most solids, so incoherent
phonons produce negative stress. On the other hand, the sign of d*® may be positive or negative
(case of photoexcited silicon [134]), so the total photoinduced strain may be the sum or difference
of DP and TE contributions.

According to Eq.3.1, the non-uniform change in the internal pressure will lead to the generation
of the strain pulse in the material. For the semi-infinite solids, Thomsen et al. have established
the expression of the bipolar strain pulse emission from a free surface [103,131]. As a first approx-
imation, if there is no fast carrier or heat diffusion process, the spatial distribution of the strain
pulse is limited by the optical penetration depth of the pump [128]. In that case, the characteristic
frequency of the emitted acoustic pulse is f = V,./2¢.

In addition, for a thin film with a thickness comparable with an optical penetration depth, as
in the samples presented later, the photoinduced stress is defined over the entire film thickness
H. The thin-film geometry restricts the spatial distribution of the photoinduced stress, which
results in filtering the phonon spectrum (Fabry-Perot cavity effect) to specific values given by the

equation:

Wae

f=5m

(3.13)

with I, V., and H the mode number, the longitudinal speed of sound, and the film thickness,
respectively. Apart from these breathing modes of the thin film, the other frequencies interfere

destructively.



CHAPTER 3. ULTRAFAST GENERATION OF ACOUSTIC AND OPTICAL PHONONS
67 WITH THZ

a) b) A t

hw=1.5eV hw=2meV

Pump ?

o - g
" T m ~200 meV
1 mm=3.3 ps
Photodetector
Metals: Cr, Al Bi,Te,
. . >
Mica | ~._ Cr, Al, Bi,Te, Momentum

————— e

a) Sketch of the femtosecond time-resolved experiment in transmission geometry. b) Sketch of the
electronic band structures of the metal and the degenerated n-doped BizTes. Simple vertical arrows show
the interband optical transition induced by the NIR pulse, and double black arrows represent carrier
intraband acceleration by the THz electric field. The blue dashed lines represent the spin-polarized Dirac

surface states.

Figure 3.3 — Band structure sketch of the metal and topological insulator and experimental setup.

3.2.2 Results and discussion

So far, the generation of coherent acoustic phonons has been studied only with laser pulses in
the visible, near infrared and near ultraviolet range [112,129]. In the meantime, it has been shown
that the THz pulse can be coupled to optical phonons [122,123], while there is no definitive report
on the coherent generation of acoustic phonons with THz. Through the comparison of NIR and
THz photoexcitation (1.54eV versus 4 meV), we will attempt to identify the main mechanisms of
acoustic phonon generation in metal and narrow-band semiconductor thin films. This Section is
based on the already published paper "Coherent acoustic phonons generated by ultrashort terahertz
pulses in nanofilms of metals and topological insulators," prepared by A. Levchuk, B. Wilk, G.
Vaudel, F. Labbé, B. Arnaud, K. Balin, J. Szade, P. Ruello, and V. Juvé [135].

Experimental details

The experiments were done at room temperature, in the ultrafast pump-probe configuration in
the transmission geometry, as shown in Fig.3.3a. As the THz source, we used the LiNbOg crystal
in the tilted pulse front configuration discussed in the Chapter 2. In addition, two free-standing
Wire Grid (WQ) polarizers were introduced in the THz beam path for pump-power-dependent
measurements. THz beam and THz optics characterization are presented in the Chapter 2 and
Appendix A. The peak THz electric field amplitude used in the experiment was estimated to
be around 275 kV/cm !, which corresponds to a pulse energy of roughly 1.211J (according to a

calibrated pyroelectric detector).

In this section, we have compared THz to NIR (1.54 eV, 800 nm) pump/probe measurements.
In both experiments (THz and NIR excitation), the probe wavelength has been kept to the same

energy, 3.1eV (400 nm), to avoid spurious effects due to the detection process.

1. 1/€2 radius of =~ 615m measured by a knife-edge method, see Appendix A.
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Samples

Chromium and Aluminum films : Thin polycrystalline films were prepared by pulsed-
vapor deposition on a transparent mica substrate with the thicknesses of H = 14 + 0.5nm (Cr)
and H = 20 £+ 0.5nm (Al) measured by x-ray reflectivity. Both deposition and x-ray reflectivity
experiments were done at the IMMM laboratory by Dr. Mathieu Edely.

Bi;Te; thin film: Bismuth Telluride, (BizTes), is a narrow-gap semiconductor (with E, ~
0.2€eV [136]), known for its thermoelectric properties, with high electrical conductivity and low lat-
tice thermal conductivity [137-139], making it appealing for industrial applications. In addition,
BisTes can support unique surface conduction bands, first measured by Angle-Resolved Photoemis-
sion Spectroscopy (ARPES) by Noh et al. [140], making this material a topological insulator [141].
As depicted in the Fig.3.3b, topological insulators have a bulk bandgap like an ordinary insulator
and so-called surface conducting Dirac states. The topological insulator nature of BisTes arises
from both spin-orbit interaction (Z=83 for Bi and Z=52 for Te) and time-reversal symmetry
breaking at the interface [136]. However, in this thesis, we do not probe the topological order
of BigTes. Firstly, due to the strong n-doping of the sample (see ARPES measurement of [142])
the Fermi level is shifted closer to the conduction band, therefore making the manipulation of
Dirac states more difficult. Secondly, the visible probe has an optical penetration depth of around
9nm [143] and is not sensitive to the surface states. The samples were grown by molecular beam
epitaxy in the Physics Institute of Katowice, the University of Silesia, by Dr. K. Balin and Prof.
J. Szade. As described in previous references [110,142,144,145], the sample is of high quality with
single-crystalline growth and trigonal axis oriented perpendicular to the surface. The BiyTeg layer

was deposited onto the mica substrate.

Experimental results

In this part, we start first with experimental results on coherent acoustic phonon generation
with THz and NIR ultrashort pulses in prototypical metals (Chromium and Aluminum). The
second part will be an extension of this study to more complex materials such as topological

insulator BisTes.

Cr and Al nanofilms: The change in the 400 nm probe beam transmission (§7(7)/T) as
the function of the pump-probe delay for the Cr and Al thin films are displayed in Figure 3.4a
and b, with both samples showing similar transient behavior. The black line in Fig.3.4a shows
the chromium thin film 67'(7)/T signal measured upon the THz excitation with pulse energy

of roughly 1.21J, which corresponds to peak Frg, ~ 275kVcm™!.

The signal consists of a
sharp increase in the probe transmission followed by a slower exponential decay. This exponential
decay is attributed to the lattice temperature elevation (077, incoherent phonons) and subsequent
heat diffusion [146-149]. On top of this thermal background, a clear oscillatory feature can be

observed. To isolate only the oscillatory component, we fit the thermal background with the

F(r) = a0{~ <1 1 erf[T ; TOD - ay exp r ﬁm} } (3.14)

following function:
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a) Transient optical transmission obtained with a THz or NIR pump excitation for a thin Cr film.
Dashed lines correspond to the extracted oscillatory part of the signals. The pulse energy of the NIR is
= 0.071J and of the THz is = 1.21J. b) Same as a) but for a thin 20nm Al film. The pulse energy of the
NIR pulse is = 0.04 nJ and the THz is = 1.05pJ. ¢) THz pulse energy dependence of the acoustic phonon
signal for the Cr (black) and Al (grey) thin films. d) NIR pulse energy dependence of the acoustic
phonon signal for the Cr (red) and Al (dark red) thin films. Dash-dot lines are the respective linear fits.

Figure 3.4 — Transient response and acoustic phonon amplitude of a thin Cr and Al film excited with

800nm and THz pulses.

where ag is the total fit amplitude, s is the slope of the error function (related to the temporal
resolution of the experiment), with a; and 71 being the amplitude and decay time of the thermal
background. The extracted oscillatory component (67(7)/T — f(7)) of a signal has a temporal
period of about 4.2 ps (fc; ~ 238 GHz), and it is shown as the black dashed line in Figure 3.4a.

The signal measured for the 0.07 pJ NIR pump is shown as the red line in Fig.3.4a. Compared
to the THz excitation, NIR signal has a similar general shape of a transient, except for the faster
"rise and fall" of the probe beam transmission at short timescales (7 < 1ps). The presence of such
well defined "peak" is attributed to the shorter temporal duration of the NIR pump compared to
the THz pulse and to the fast electron-phonon scattering in Chromium [148]. Remarkably, the
amplitude and the phase of the extracted oscillatory component (dashed line in Figure 3.3a) are
found equivalent for = 0.07 pJ NIR and = 1.2 11J THz pulse energies. Similar results are obtained
for the thin Aluminum film (see Fig.3.4b). The observed period of the oscillatory component of
the Aluminum signal has a period of roughly 7.2 ps (fa; = 139 GHz).

In addition, we measured the amplitude of the global maximum of the oscillatory part of the
signal 0T /T |acoustic (marked as a black arrow in Figs.3.4a and b) as a function of THz and NIR

power. Figure 3.4c shows that 6T /T |.coustic of Chromium and Aluminum thin films increases
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a) Transient optical transmission obtained with a THz or NIR pump excitation for a 16-nm Bi2Te 3 thin
film with 51 nJ and 1.2 pJ for NIR and THz excitation, respectively. Inset: Oscillatory part of the signal.
b) THz pulse energy dependence of the acoustic phonon amplitude for the 16 nm thin film. ¢) Thickness
dependence of the coherent acoustic phonon signal generated by THz excitation. d) Coherent acoustic

phonon oscillation period vs. the film thickness.

Figure 3.5 — THz pump: Biy Tes thickness dependence on the coherent phonon signal.

linearly with the THz pulse energy (quadratically with the Erp, amplitude). The same linear
dependence is found for the NIR pump, as depicted in Fig.3.4d.

Bis;Tes nanofilms: As the following step, we extended our study to thin Te rich and conse-
quently n-doped BisTes films with various thicknesses ranging from 4 to 25 nm. Figure 3.5a shows
the signal of BisTes 16 nm film excited with THz and NIR pump pulse energy fixed at 1.2 1J and
51nJ, respectively. For both pump wavelengths, the transient optical transmission d7'/T shows a
sharp increase after the initial excitation and a fast recovery followed by a slower decaying signal
attributed to the thermal background. We extracted the oscillatory part of the signal with a similar
fit (see Eq.3.14) having two exponential decays. Fast exponential decay was found to be equal to
1.8 ps, and it is related to the hot carrier relaxation [150-152].

When the thermal background is subtracted (see inset in Fig.3.5a), we observe the 67T /T}esidue
modulation at two distinct frequencies: a fast oscillatory component at around 1.8 THz, which is
attributed to the Raman active A}g optical phonon [153] (will be discussed in the Section 3.3.2) and
a slower, with a period of about 11.6 ps (fpr = 86 GHz frequency). We report that the amplitude of
the slow oscillatory component scales linearly with the THz pulse energy (see Fig. 3.5b). We then
measured the 67 /T | esidue change for BisTeg films with different thicknesses, and the corresponding

signals are shown in Figure 3.5c. We see that only the frequency of a slow oscillatory component
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is drastically affected by the change of BisTes thickness. Figure 3.5d depicts clear linear sample
thickness dependence of the low frequency mode. We found the highest frequency of this mode to
be ~ 250 GHz, measured for the 4 nm thick sample.

Discussion

Nature of the acoustic mode: In the previous sections, we have shown that THz and NIR
excitation of thin metallic and BisTes films grown on the mica substrate leads to similar transient
behavior of 6T/T for the specific combination of THz and NIR pulse energies. Furthermore, the
amplitude of the oscillatory part of the signal scales linearly with THz and NIR pulse energy (see
Fig.3.4c and d). In addition, we show that the period of the low-frequency oscillatory component
present in the BiyTes transient response is directly proportional to the film thickness H (see

Fig.3.5d) suggesting these oscillations are the mechanical resonances of the layers.

To confirm the nature of this low-frequency 67'/T modulation, we start by analysing the me-
chanical boundary conditions, in order to establish which acoustic modes can be excited. We first
note that since pump light penetration depth ¢ is bigger than the film thickness H, it means that
the photoinduced stress will be confined within the acoustic layer. Next, we estimate the acoustic

reflection coefficient at the metal/mica interface, defined as [128]:

Zrica — 7
Rac _ “mica ayer 7 315
Zmica + Zlayer ( )

where Z is the acoustic impedance :
Z = pVye, (3.16)

with the material density p and the acoustic velocity V,.. With the values from the literature, the
acoustic impedance of all the materials chosen as the layer here (Cr, Al, BisTes) is larger than
the acoustic impedance of the substrate 2. This leads to R, < 0 for all interfaces. The R,. < 0
value means that the acoustic wave reflected at the interface will be phase-shifted by = [128] after
a single trip, repeating each time it bounces back and forth within the acoustic layer. This leads
to the resonator-like vibration of the nanometric film at the frequency f = V,./2H (see Eq.3.13).

Then, the straightforward estimation of the eigenmode frequencies for all layers gives:

1- -1
for = L O00OMS T o5 7 GHY (Bxperiment: 238 GHy):
2-14nm
1-6320ms!
far = L1o0ms 158 GHz (Experiment: 139 GHz); (3.17)
2-20nm
1-2460ms~1!
fBr = ST  77GH (Experiment: 86 GHz),
2-16nm

and they are in a rather good agreement with experimentally measured values. The about 12%
difference for the Al thin film could be related to a decrease in Vy4; due to polycrystalline nature of

the film, as observed before for Mg-Zn alloy for instance [154]. For the BisTes, the speed of sound

2. prmica = 2880kgm ™3, Vipica = 4300ms™ 1, Zpicq = 1.2 x 10" kgm =251,
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was taken from [110,144]. In our study, the fit of acoustic period measured with THz excitation
as a function of the film thickness (red dashed line in Figure 3.5d), gives the Vpr = 2700 ms~!,
which deviates by less than 10 % from previous reports [155].

Acoustic phonon generation mechanism in metals: We continue the discussion with
the pump power dependence of coherent acoustic phonon amplitude, presented in Fig.3.4c and
d. Importantly, for both THz and NIR excitation, 07/ |acoustic Scales linearly with the pump
pulse energy. This means that for all samples in the study, linearity of 67 /T |acoustic for the THz
excitation excludes highly nonlinear processes of energy deposition such as impact ionization [118]
or Zener tunneling [116]. With this in mind, we can now estimate the absorbed energy density in

the case of THz and NIR excitation within the usual dielectric response approach.

With the THz time-domain spectroscopy, we have first measured the complex dielectric function
of the 14nm thick Cr film in the 0.2-2.5 THz frequency range [99], shown in Figure 3.6a. By
fitting the measured data with a simple Drude model, we extract Chromium plasma frequency
wp ~ 350 THz and the electronic scattering rate 7, ~ 14 THz. These parameters lead to a nearly-

frequency-independent 3 conductivity oo, ~ 4.5 x 10> Qm™!.

In addition, as the characteristic
scattering frequency in metals is typically well above the frequency of our driving THz field [156],
we limit our model to the stationary drift electron transport regime and neglect any ballistic
transport effects. These two assumptions allow us to ignore the Fry, retardation effects, and we
can write the time-dependent current density associated to the electron acceleration in the presence

of the local THz pulse as:

t/

i) =0 / Bl (1)dr". (3.18)
— 00

Here, ER5,(t) is the local THz electric field acting on the electrons, and o is the frequency-

independent metal conductivity. Then, we can estimate the temporal profile of the absorbed

energy with the ultrafast analogy of the well-known Joule effect:

t - t e 2
Wik = [ BRi) G —o [ (B0 ar. (319)

— 00 — 00

In the case of THz excitation, since our samples are much thinner than the driving field’s
wavelength, the local electric field can be approximated by the electric field inside the sample
ELRS,. Prof. Brice Arnaud (Theory group at IMMM) has implemented the finite difference time
domain (FDTD) method to simulate the electric field value in the sample and the substrate:

E’IIQI?IZ(t) =S5 ETHZ(t)7 (320)

with ETn,(t) being the vacuum THz electric field and s = 0.45 is the electric field attenuation
coefficient, estimated from FDTD.

3. Within the experimental THz frequency range.
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a) Dielectric function of Chromium in the THz frequency range. Experimental dielectric function of the
Cr thin film measured by THz-TDS (dots and squares). The lines are fitted with the Drude model. b)
Acoustic phonon amplitude as a function of the absorbed density energy for the Cr sample, calculated
with Eq.3.19.

Figure 3.6 — The dielectric function of Cr and acoustic phonon amplitude in the absorbed density of

energy for THz and NIR excitation.

Using Eq.3.19 and the experimental parameters, for the highest experimental THz field value
(roughly 275 kV cm !, pulse energy of about 1.211J) we can now estimate the total absorbed energy
density, which becomes WTAIEE' ~ 52Jcm~3. Using the value of Chromium heat capacity from the
literature (cr, =~ 3 x 105Jm~3), we can finally calculate the lattice temperature increase via the
ultrafast THz Joule effect:

T/ Abs
8Ty, (THz) = CLLH ~ 17TK. (3.21)

In contrast to the THz excitation, the absorbed energy induced by NIR excitation is mediated

by the direct optical transitions, which gives:
WAl =~ (3.22)

with A being the optical absorption coefficient, IV is the number of incident photons of energy
hvNir, and the excited volume V. The NIR absorption coefficient A was modeled by the transfer
matrix method using tabulated optical constants [156]. Remarkably, for the NIR pulse energy of
0.071J (see Fig.3.4a) we obtain an absorbed energy of Wﬁ'ﬁ ~ 53Jcm ™3, equivalent to the one
obtained with Eq.3.21, for the THz pulse energy of 1.211J. Consequently, for both scenarios (NIR
and THz excitation), the maximum lattice temperature increase is estimated around 07, ~ 17K.
Figure 3.6b shows that this equivalence is valid over the entire absorbed energy range under
investigation: the acoustic phonon amplitude is driven solely by the total absorbed energy and is
not dependent on the photon energy of the excitation pulse. This indicates that the amplitude
of the acoustic phonon is not drastically dependent on the pathway of energy relaxation from the
electron to the phonon subsystem (which is supposed to be different for a NIR and THz excitation)
but only on the total absorbed energy by the lattice.
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Dynamics of the photoinduced stresses originating from the electrons (opp) and from the non-coherent
phonons (org) calculated for the prototypical 20 nm thick Aluminum film. The total absorbed energy
density equal to =~ 10 Jem ™ in the case of a) the NIR light pulse with duration of 165fs, and b)
Experimentally measured THz pulse. ¢) Calculated phonon spectrum (FFT of org) for the NIR
excitation (red) and THz excitation (black) in the relevant acoustic phonon frequency range. The ratio
between THz and NIR is displayed as blue line, where the two eigenmode frequencies for the Aluminum

and Chromium nanometric films are marked with the arrows.

Figure 3.7 — Thin metallic films: Calculated dynamics of the photoinduced stress and associated

phonon spectrum for NIR and THz excitation.

In order to better understand this result, it is useful to study the spectral components of the
photoinduced stress. For this purpose, Prof. Brice Arnaud has computed, using the ab initio
DFT calculation, the lattice and electron heat capacities for the 20 nm thick Al film. Then, the
phenomenological two-temperature model, with the computed heat capacities allows us to estimate
the dynamics of the electron and lattice pressure. In the case of the NIR excitation, Figure 3.7a
shows that the lattice stress contribution (org, blue line) dominates the electron stress contribution
(opp, red line), meaning that acoustic waves are indeed mainly driven by thermoelastic stress
(oTE). Assuming that the thermoelastic stress is one of the possible mechanisms at play for the
THz excitation, we can estimate the approximate shape of the o1y using the phenomenological
TTM model. To do so, we calculate the transient shape of the Joule effect with Eq.3.21, which

gives us the associated change in the thermoelastic stress, depicted as the blue curve in Fig.3.7b.

Here, for the same amount of absorbed energy, i.e. Wihs = WAiES, we arrive to the same
maximum value of org as shown in Fig.3.7a and b. We immediately see that the time evolution of
the lattice stress around the time-delay zero is very distinct for the THz and NIR excitation. This is
somewhat expected, since the interaction time, defined by the NIR and THz pump pulse duration,

differs by close to one order of magnitude. We thus perform a Fast Fourier transform of org,
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and restrict ourselves to the relevant coherent acoustic phonon frequency range (up to 500 GHz),
displayed in Fig.3.7c. Interestingly, we observe that the relevant ratio of the NIR and THz phonon
spectral components (see blue line in Fig.3.7b) is close to 1 in the region of interest. This perfectly
confirms what we discussed before: for this rather low acoustic frequency, the more rapid lattice
heating with a NIR compared to THz pulse is not important as soon as the characteristic rise of
the org (either for NIR or THZ excitation) is much shorter that the acoustic phonon period of

interest.

As a short summary, the analysis of the pump fluence dependence, the existence of the linear
response, the presentation thermoelastic stress based on the TTM model, including the discussion
of the spectrum of the photoinduced stress, strongly suggest that the lattice heating, as a result of
ultrafast Joule effect, is the driving mechanism of the coherent acoustic phonon generation in thin
metallic films with THz.

Acoustic phonon generation mechanism in Bi;Tes: Concerning BisTez, the linear
increase in both thermal background (not shown here) and §7/T|scoustic in the function of the
THz pulse energy strongly suggests that we can rule out highly-nonlinear light-excitation processes
such as Zener tunneling [116] and impact ionization [118] similarly to the observations we made
in the previous subsection. Since the BisTesz bandgap is in the order of 200 meV [157], we can
exclude the multiphoton absorption and excitation process as well (E, ~ 50/i{dry,). However, it
is worth to note that the recent ARPES measurements of 15nm BisTes film revealed a non-zero
signal at the Fermi level [142] (see Fig.3.8b), and despite our sample was studied in air (passivated
surface [142]), our BipTes could be very close to the metallic state. Moreover, we measure the
nearly identical long-term residual signal (see Fig.3.5a and the inset) extracted with the same
fit parameters for the THz and NIR excitation. This may indicate a similar coherent acoustic
phonon generation mechanism for two different pump photon energies, either originating from
thermoelastic, deformation potential stress, or a combination of two. Notably, the evolution of the
phase of the coherent acoustic phonons excited in BisTes as a function of the sample thicknesses
(see Fig.3.5¢) might be related to differences in the driving excitation process [158] due to the
change in the electronic band structure for the thin samples with, in particular, some confinement
effects observed below around 6 nm [118,144]. Due to the complexity of electron-phonon coupling
in this correlated material, these assumptions about coherent acoustic phonon generation in BisTes

need to be supported with first-principle calculations.

Outlook: As a final element of discussion, it worth to tell that we can expect some potential
differences between NIR and THz excitation in metallic nanostructures through the thermoelastic
process at least. As an illustration, Figure 3.8b reveals a dominating thermoelastic contribution
driven by Thz excitation within 1-2 THz range. That larger contribution from THz excitation
at around 1.5THz is directly related to the spectrum of the THz pulse. Therefore, one can
imagine that THz excitation of high-frequency acoustic modes may reveal the very different nature
of heating based either on intraband relaxation (with NIR excitation) or by multiple electron
scattering at the Fermi level (with THz excitation). This makes it interesting to study the THz
excitation of metallic nanoparticles of various sizes, as one can tune their natural vibrations to
THz frequencies [159)].
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a) ARPES band structure for a thin film ARPES signal of a BixTes film (15nm) measured at 85 K. The
horizontal axis is the momentum along the I'K direction of the Brillouin zone. From [142]. b) Calculated
phonon spectrum after NIR excitation (red) and THz excitation (black) in the frequency range up to
3THz. The ratio between NIR and THz is displayed in blue.

Figure 3.8 — The ARPES measurement of BizTes film and the extended frequency range of the ther-

moelastic stress.

3.2.3 Conclusions

To conclude, we have evidenced the generation of coherent acoustic phonons in metallic and
topological insulator thin films with pulsed THz radiation. The coupling efficiency is quadratic
in the THz electric field strength (linear with the pulse energy) within the THz-power range of
investigation. Remarkably, for both NIR and THz excitations of thin films of metals, the simi-
lar amount of light absorbed energy results in the nearly-identical contributions of the coherent
acoustic phonons and the incoherent phonons to the experimental signal, as seen from Figure 3.6b.
This direct comparison between the NIR and THz pulsed excitation, despite the well-distinguished
microscopic lattice "heating" mechanisms, allows us to demonstrate that the thermoelastic process
is the main driving mechanism of coherent acoustic phonon generation in metals of Aluminum
and Chromium. While for NIR excitation, the ultrafast lattice heating is achieved by intra-
band hot electron-phonon thermalization, but when the THz pulse drives the system, multiple
electron-phonon scattering processes in the vicinity of the Fermi level are responsible for the lat-
tice temperature increase (ultrafast Joule effect). Although the relaxation channels are different,
we demonstrate that they do not impact the coherent acoustic phonon generation for the low-

frequency interest range (<500 GHz).

Regarding the nanofilms of n-doped BiyTes topological insulator, at this moment, we cannot
conclude about the physical origin of the light-induced coherent acoustic phonon generation. The
linear pump fluence dependence might indicate at least a possible contribution of the thermoelastic
(coming from free carriers in this n-doped sample) and/or deformation potential mechanisms. In
contrary to metals, the existence of long-lived carriers due to the bandgap (even in the range of
~ 200 meV) and the rather large deformation potential constant [110,144] could lead indeed to an
important contribution of non-thermal deformation potential stress Aopp to the total Aopr. In the
future, in parallel with the first principle calculations needed to clarify the physics in this complex
material, we plan to perform more experiments. For example, studying BisTes film with various

doping and different Fermi level positions should help us disentangle possible acoustic phonon
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generation mechanisms at play. In addition, ultrafast THz experiments at low-temperature could
also be beneficial, as they will reduce the amount of thermally activated carriers in the conduction
band of BisTes.

In the future, the generation of coherent acoustic phonons by an ultrashort THz pulse could
open other fundamental opportunities for controlling the macroscopic pressure and even be used to
probe the elasticity or viscoelasticity in the soft matter. Moreover, as the new research direction in
our group, the understanding of the coupling between the THz and the large internal polarization

in multiferroic materials may be crucial for the efficient control of the ferroic order.

3.3 Coherent optical phonon generation in Bi;Te; with pulsed

THz radiation

This section will focus on the discussion about the possible mechanisms of coherent A} o optical
phonon generation in 16 nm thick BisTes film with intense THz pulses. First, we will briefly intro-
duce different theoretical models of coherent optical phonon excitation with pulsed light radiation.
Then, after the description of optical phonon properties of BisTes measured by Raman scattering
in general, we will present the experimental results where we will show the A%g mode generation
efficiency dependence on Ery, field amplitude and THz pump pulse central frequency, to finally

discuss the possible scenarios which may lead to coherent Al 4 Phonon excitation.

3.3.1 Theoretical background

Phenomenologically, the motion of coherent optical phonon can be modeled as the lattice
response on the specific driving force, usually shorter than the inverse of the coherent phonon
period of interest [160]. For example, one can use the classical equation of motion of the force-driven

damped harmonic oscillator to model the displacement of coherent phonons in the lattice [160-162]:

02Q. (1)
ot?

0Qa(t) | OV(Q) _
5 T 20. = F9(t), (3.23)

+ 274
where V(Q) is the total potential energy of the lattice, Q, is the normal mode coordinate?,
Yo and €1, are the phenomenological damping constant and frequency of the phonon mode «.
The driving force F@(t) can originate either from phonon-EM wave interaction (IR absorption or
Raman scattering) or have the displacive nature due to immediate modification of the electronic
distribution [108,163]. For example, NIR-VIS-NUV excitation of opaque materials can lead to
a Displacive Excitation of Coherent Phonons (DECP), mediated by the deformation potential
stress [164].

The internal force ("harmonic and anharmonic restoring forces") is defined as the gradient of the

lattice (phonon) potential energy V(Q). The V(Q) can be expressed as the polynomial expansion

4. With already included correction for the effective mass.
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a) The difference-frequency excitation mechanisms of a coherent Raman phonon: Impulsive stimulated
Raman scattering, where w1 — w2 is resonant with Raman active phonon Qg, and conventional ionic
Raman scattering, leading to the shift of the Raman phonon potential. b) The sum-frequency coherent
phonon excitation mechanisms: sum-frequency excitation (THz-SFE) and sum-frequency counterpart of
ionic Raman scattering (THz-IRS). Adapted from [127].

Figure 3.9 — Photonic and ionic mechanisms of Raman phonon excitation.

of the all phonon modes that exist in a material, as [162,165]:

QQ
V@)= SR+ Y a5 QaQsQ,
) e (3.24)
+ 3 bupsQaQ5Qy Qs+ -,

a,B,7,6

where the first term is the harmonic phonon potential, and other terms describe the higher-order
phonon anharmonicities (i.e., the nonlinear phonon-phonon interaction), and asg, and bags are
the corresponding anharmonic coefficients. The subscripts «, 3, -, etc., denote the different lattice
eigenmodes. For example, when o = 8 = 7, caaa@? is the anharmonic potential of the phonon
mode a. For a = # v, caay@2Q, is the anharmonic coupling between phonon modes « and 7.
However, some specific anharmonic interaction terms between IR and Raman phonon modes can

be forbidden due to the crystal symmetry [2,166].

"Conventional" phononics: stimulated IR and Raman active modes The lowest-order

allowed electric field-phonon interaction is the absorption of the EM radiation by the IR active
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phonon mode. In this case, the IR mode equation of motion in the linear regime will read [166]:

82Q1R(t)
ot?

0Q1r(t)
ot

+2yrr + QIRQrr(t) = ZiRE(t), (3.25)

where Zj, is the effective charge of IR active mode, and E(t) is the incident electric field. A
classical example of such coupling is the phonon-polariton interaction, described in the Section
1.3.1.

The lowest-order excitation of the Raman-active phonon, due to its zero effective charge (2}, =
0), can be mediated via the two-photon Raman process [161]. In this case, the Raman active
phonon driving force is given as the second-order interaction of the electromagnetic field £ and
the Raman tensor R [160]:

F2(t) = R;1E; Ey, (3.26)
where E;, Ej;, are the field components of the incident electromagnetic pulse. The latter equation is

sometimes expressed in terms of Raman polarizability tensor [161]. The Raman tensor of a given
phonon mode is defined as [165,167]:

_ 3Xjk
R_]k - ‘/CaQR7

(3.27)
where X1 is the linear electric susceptibility. In this case, coherent phonon excitation is driven
by the impulsive stimulated Raman Scattering (ISRS), which is possible due to the energy and
wavevector conservation rules discussed before in Chapter 1. The driven, damped equation of
motion for the Raman active phonon will be equivalent to Eq.3.25, but with the following driving
force [123]:

F(QRr) o< =—2—FE(t). (3.28)

One should note that this force-term, proportional to E2(t), consists of both sum- and difference-
frequency components of the incident electric field E(t). For example, the difference frequency com-
ponents of sub-picosecond VIS-NIR pulses are linked to the ISRS excitation of coherent phonons
in transparent materials (see Fig.3.9a) [106,163,168]. In the case of an electric field in the THz
frequency range, if the sum-frequency component is resonant with a Raman-active phonon, exci-
tation can occur via photonic THz sum-frequency excitation process [123], depicted in the Figure
3.9b.

Nonlinear phononics: coupled IR and Raman active modes Notably, a population
decay of optical phonons is believed to be dominated by lattice anharmonicity and can lead to the
generation of lower-energy acoustic and sometimes optical phonon modes [160]. About forty years
ago, it was proposed that excitation of an infrared-active phonon could serve as the intermediate
state for Raman scattering through a process that relies on lattice anharmonicities rather than
second-order electron-phonon interactions [115,126,162]. As an example, let us expand the Eq.3.24

including only one Raman Qg and one IR Q;r mode, taking into account only the lowest-order
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a) Parabolic energy potential of a Qr phonon mode (dashed curve), displaced under the cubic coupling

with Qrr phonon mode (solid curve). From [2]. b) Dynamic response of the coupled IR Q;r and Raman
Qr modes. The ion oscillation along Qg mode (red) leads to a directional displacement of Qr mode

(blue). This displacement is proportional to Q?5.

Figure 3.10 — Anharmonic coupling between IR and Raman modes.

anharmonic terms [2]:

1 1
V(Qr,Qrr)NL = 59%62?2 + §Q%RQ%R + a12Q1rQ% + a21Q7 R Qr, (3.29)

where a12 and as; are anharmonic coupling constants. It should be noted, that a12Q RQ%{ term is
zero in centrosymmetric crystals, like in the sample of study, BisTes. With this nonlinear phonon

potential, the coupled equations of motion for the centrosymmetric medium [2,115,127]:

02 9 )
3632”2 + 271 géR + Q7rQ1r = 2021Q1rRQR + Z R ErHy, |
(3.30
02 )
3?21% +27r thR + Q%Qr = a21Q7x,

where the time dependence of Qr, Qrr and ETy, was omitted for the clarity of the notation.

As a result, strong nonlinear coupling between IR and Raman modes may "shift" or displace the
energy potential of a Raman mode Q g, as shown in Figure 3.10a. This will result in simultaneous
lattice oscillations along the infrared coordinate Qg (red curve in Fig.3.10b), extorting a displacive
force on the Raman active phonon coordinate Qg (blue curve in Fig.3.10b). As a result, the force-

term driving the Qg coherent phonon is proportional to [127,166]:

F(QR) X ang%R XX EQ. (331)

Importantly, for both Raman excitation [123] and anharmonic IR-Raman coupling [124,127] (see
Figure 3.9b), the effective driving force should be proportional to the square of the incident EM
field (E?). Note also that according to Eq. 3.29, due to large coupling with a Raman active mode

R, the IR mode frequency is re-normalized to Q7 ; — 2a21Qr.
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Interestingly, since the majority of coherent optical modes exist within the 1-40 THz frequency
range, pulsed, broadband THz radiation can resonantly or non-resonantly couple to the optical
vibrational modes. For example, there have been several observations of THz-driven anharmonic
coupling between optical phonons in manganite PrMnO3; (PMO) [169]5, LaSrMnOj3 [166] and
Bismuth Selenide (BisSes) [124,125]. In addition, there are experimental [123] and theoretical [127]
reports of the impulsive Raman THz sum-frequency excitation of coherent phonons in the diamond.
Before proceeding to the experimental section discussing the optical phonon generation with pulsed

THz radiation, let us recall the phonon properties of the BisTes.

Bis;Tes coherent optical phonon properties

BiyTes is a trigonal rhombohedral crystal with five atoms in a primitive unit cell, and it belongs
to the D3,(R3m) space group. The BisTes crystallographic structure is usually described within
the hexagonal unit cell along the [111] direction, consisting of 3 quintuple layers (QL) of Te!-Bi-
Te?-Bi-Te! atoms®. The BiyTes quintuple layers are linked with Van der Waals bonds. According
to the group theory, BizTes can support 15 normal phonon modes at the zone center I" [153,170]:

I =24y, ®2E, ® 3A, @ 3E,, (3.32)

where two E, and one A,, are acoustic transverse and longitudinal modes, respectively. This leaves
a total of 12 optical modes, shown in Fig.3.11a. Since BiyTes is a centrosymmetric crystal, two
A, and two doubly-degenerate E, optical modes are Raman active [171], when two A, and two
doubly-degenerate E,, are the IR active modes [172]. The Raman tensors of A, and E, modes
are defined as [153]:

- (3.33)

The Table 3.1 gives the frequency of the optical BisTes modes in THz, measured with Raman,
IR, and femtosecond spectroscopy, in pair with molecular dynamics (MD) simulations. As one can

notice, all the optical modes are within 1 to 4 THz frequency range.

The coherent optical phonon detection, in analogy to the expression established in the Chapter
2, can be explained as the transmittance 67 (or reflectance dR) modulation by the first-order
Raman tensor (9x)/(0Q) [161]:

or . 9T 9y

Tzi ~
T = 5.8~ 580

Q. (3.34)

5. With the theory provided by A.Subedi et.al. [162].
6. Superscripts denote different positions of the Te atoms.
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a) Optical phonon modes in BizTes. The red and blue circles denote Te and Bi atoms, respectively.
After [172]. b) Raman spectra of BisTes in backscattering geometry in parallel (VV) and crossed (VH)

polarization of incident and scattered electric field, respectively. After [153].

Figure 3.11 — Sketch and Raman spectra of the optical phonon modes in the Biy Tes.

Raman spectroscopy Femtosecond spectroscopy ~MD simulation

Mode | Raman IR

Al, 1.88 1.82 1.84
Aj, | 402 3.91 3.74
Al 2.82 2.88
A2, 3.60 3.58
E; 1.1 1.47
Eg 3.09 3.42
EL 1.50 1.43
E2 2.85 2.90

Subscripts u and g correspond to the Raman (in-plane) and IR (out-of-plane) lattice vibration modes,

respectively. After [170-172].

Table 3.1 — Biy Tes optical phonon frequencies in THz.

Figure 3.11b displays the Raman spectra of BisTes crystal, showing that one can probe specific
modes selectively via polarization analysis of the probe pulse [160]. For example, modes containing
only diagonal terms (A14) will only cause intensity modulation of the transmitted or scattered light
and therefore they are absent in depolarized spectrum in Figure 3.11b. However, modes containing
off-diagonal tensor terms (E,) will only affect the polarization state of the scattered or transmitted

light, which, ideally, can be probed only by the polarization sensitive anisotropic detection.

3.3.2 Results and discussion
Experimental results

Before discussing the experimental results on coherent optical phonon generation with THz

pulses in 16 nm thick BisTes film, let us first define the time delay zero of the experiment. For
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a) Electrooptic trace of the THz pulse, and its fit by Eq.3.35. b) Experimental signal in THz
pump-400 nm probe of the BizTeg 16 nm thin film at 7 < 2 ps time scale (black curve). The signal is
overlapped with squared THz electric field (dash dot red) and the THz absorbed energy (dash dot blue).

Figure 3.12 — Biy Tes THz pump/400 nm probe: Time-delay zero definition.

this, we first fit the electrooptic trace of Ery, of the LiNbO3 source ” with the following equation:

4In27%7 .
Ern,(7) = Egexp { 2 } sin[Qo7 + ¢o), (3.35)
FWHM

where Fj is the value of the peak electric field, opwuy is the pulse width at FWHM, Qg is the
angular THz central frequency, and ¢q is the carrier-envelope phase (CEP). Figure 3.12a shows
the THz pulse waveform E7y,(7) (line-dot) and its fit (solid line) with the following parameters:
orwaM = 1.317ps, Ep ~ 275kVem ™!, Qg /27 = 0.64 THz and ¢ = 0.127. Next, with the Eq.3.19

we can calculate the approximate shape of Wops(7):

T

Waps(T) o / B2, ()dt'. (3.36)

— 00

Both E2y,(7) and calculated W,ps(7) are shown in the Fig.3.12b (blue and red dash-dot lines,
respectively). In this case, BisTes conductivity in the THz range, electron-electron, and electron-
phonon scattering rates, that all may affect the shape of W,ps(7) were not taken into account.
In particular, such calculation of W, assumes an immediate dissipation of the electromagnetic
energy. Finally, we manually superpose the measured signal 67 /T with calculated W,ps(7) profile

as shown in the Fig.3.12b, which gives us the time-delay zero position of the experiment.

In the following, we will focus only on the optical phonon part of the signal, extracted by fitting

the acoustic mode, electronic and thermal background with the following function:

0T /T|pg =A - (1 +erfED : {al eXp [—ZJ + agz exp [—;]4—

+ 00c08[Que(T) + Puc] exp {_ T } } (3.37)

Tac

7. Deconvoluted from the detection crystal response.
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a) Measured change in transmittance of BizTes 16 nm thick film for THz (black) and NIR (red)
excitation. The blue lines are the background fit, defined by Eq.3.37. b) Extracted transient optical
phonon part of the signal for the THz (black) and NIR (red) excitation. c¢) Fourier transform of the
transients shown in b). Black dotted line corresponds to the spectrum with subtracted 1.85 THz
oscillatory component. Compared to the NIR, THz excitation has a noticeable sideband, around 1.5 THz

in the frequency domain. Plots are offset for clarity.

Figure 3.13 — Biz Tes, NIR versus THz excitation: extraction of the optical phonon part of the signal.

where 71, 75 and 7, are the characteristic decay times, with their respective amplitudes a; ,as and
@qe, and s is linked to the rising-time of the signal®. . and ¢, are the angular frequency and the
phase of breathing acoustic phonon mode. The background fits for NIR and THz excitation are
shown as the blue solid line in Figure 3.13a. In the following, we define 0T/T |optic as the difference

between "raw" measured signal and the background fit, as:

5T/ T |optic = 0T/T — 6T /T g (3.38)

The Figure 3.13b displays 6T'/T |optic Of the sample, excited with THz (black) and 800 nm (red)
pulses. Interestingly, for both THz and NIR, (800 nm) photoexcitation we see the signal modulation
with approximately 540 fs period (1.85 THz frequency), attributed to the Raman active optical
phonon mode A%g (see Table 3.1). The observation of the A%g mode with NIR pump is also

consistent with previous measurements in the group [110].

8. Defined as convolution of the pump and the probe pulses.
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Figure 3.14 — Bia Tes A}g generation efficiency - Eru, field amplitude dependence.

Moreover, the FFT spectrum of the signal recorded with the NIR pump (red curve in Figure
3.13c) displays a shallow signature of the A3, mode around 4.1 THz, which was already observed
before [153,172]. In our case, such low detected Afg amplitude may be related to pump and
probe pulse duration of about 160fs at FWHM, insufficient to properly sample A%g mode with
a period of 240fs [173]. In addition, since coherent phonon generation in BisTes with pulsed
NIR radiation using both isotropic and anisotropic detection techniques was already presented
elsewhere [153,172], we will focus on the results of optical phonon generation with THz pulses

only.

It is worth to underline that we can excite the 1.85 THz coherent motion with a THz pulse having
a central frequency of 0.64 THz indicating the non-linear nature of the phonon generation process.
In addition, another noticeable feature arising from THz photoexcitation is 1.4 THz "sideband" (see
black line in Fig.3.13b). Such THz-pump characteristic "sideband" was also observed at the short
time-delays by Melnikov et al. in BiySes [124], and by Huber et. al. in Te [122]. To investigate
the physical mechanism of A} , Phonon generation and the origin of this "sideband’, we studied the
influence of the THz-field amplitude and THz-central frequency on the overall shape of 67/T |optic

and amplitude of A}, phonon.

First, we have measured the Etg, field amplitude - A} 4 phonon amplitude dependence. Figure
3.14a shows the experimental configuration, where the THz pulse emitted from LiNbOj crystal
propagates through a set of Wire-Grid (WGQG) polarizers. Two WG polarizers allow us to selectively
change only Ery, amplitude (fixed WG analyzer, rotating WG polarizer), or Ery, amplitude and
polarization (fixed WG polarizer, rotating WG analyzer).

Figure 3.14b shows the BisTez A} ;4 optical phonon generation efficiency as the function of Ery,

field strength when we change only Ery, field amplitude (blue circles) or Ery, field amplitude and
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Figure 3.15 — Biy Tes: Influence of the THz pump spectrum on the optical phonon part of the signal.

polarization (red circles). The error bars are set to £10% of the estimated value of peak Ery, °.
As seen from Figure 3.14b, two measurements overlap perfectly, meaning that A} , amplitude does
not depend on the THz pump polarization. This finding is in good agreement with previous reports
[153]. In addition, Aj, amplitude scales with the square of the THz field (07/T|optic ¢ Efy,),

underlining the nonlinear mechanism of this Raman active excitation.

Next, we recorded the 07 /T|optic for slightly different Eqy, pump spectrum. In order to
tune the THz central frequency /27 from ~ 0.52 and up to ~ 0.73 THz, we have used the
z-cut Quartz plate, as discussed in the Section 2.5. Figure 3.15a shows measured signals for
Qo/27 = 0.52,0.63 and 0.73 THz. We see that both amplitude of A%g phonon and signal around
7 = 0 is strongly affected by the Ery, change in Qg /2.

The Fig. 3.15b displays the FFT 6T /T |optic signals discussed above. We observe that both A%g
amplitude and characteristic to THz excitation "sideband" are strongly correlated to the incident
Ern, spectrum (violet dashed line in Figure 3.15b). This sideband seems to be related to the sum-
frequency component of Fry, and completely disappears when the FFT is performed on the signal
for > 1ps time delays (see dash-dot lines in Fig. 3.15b) [122]. Indeed, as presented in Appendix

B, we find the correlation between the "sideband" and Ery, SF component for all signals recorded

9. Related to the discrepancy in the values measured with calibrated pyrodetector and THz-TDS.
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3.1 d) The FFT transform of the phonon signal part for the >1.5 ps time delays.

Figure 3.16 — Bia Tes response measured in polarization sensitive detection configurations.

in the experimental THz central frequency range, and even for the Chromium thin film, having no

optical phonons.

Figure 3.15¢ displays normalized to maximum A%g amplitude as the function of THz central
frequency Qo/2m. We see approximately three times increase in the A%g generation efficiency
between central frequency of Qy/27=0.52 THz and €y/27=0.73 THz. Remarkably, the measured
change of the THz power, associated with the change of THz central frequency /27 increases

only the factor of roughly 1.4, as shown in Figure 3.15d.

In addition to the study of the §T/T |optic signal as a function of the THz field amplitude and its
spectrum, we attempted to measure the signatures of other phonon modes. For this purpose, with
the pristine THz pump pulse waveform (/27 fixed to & 0.64 THz), we have measured the BisTes
sample response employing two anisotropic detection schemes (using A\/2 and \/4 wave plates, as
shown in Fig.3.16a). One should note that we kept the polarization of the probe beam and THz
pulse crossed. Ideally, anisotropic detection should be sensitive to only non-fully symmetric optical
modes (Ey, in the case of BisTes) [153,160].

Figure 3.16b depicts isotropic signal (blue line), in comparison to anisotropic change of 67"/ T |optic

(orange and red lines). Interestingly, within the 0 to 1.5 ps time delay, we observe high-frequency
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modulation of 0T/T |opic for both anisotropic signals. Next, Figure 3.16¢ shows the FFT of the
isotropic and anisotropic signals presented above. Anisotropic detection reveals the pressence of
~3.1 THz Eg phonon mode (see Table 3.1). Notably, close to the natural frequency of the Eg mode,
we see again this asymmetric "sideband", which corresponds to 67'/T |optic modulation at ~4Q /27,
indicating the possible of higher-than-two order ion-electric field interaction (i.e., a fourth harmonic

of the Ery, component, see Eq.3.28).

Figure 3.16d shows the FFT of the same signals, but for the time delays >1.5ps. We see
that neither E; nor E! phonons were detected. This absence of E; mode in the anisotropic
spectrum could be attributed to a non-optimal angle between the THz pump/probe polarization
with respect to BisTes azimuth angle, as was observed for the NIR excitation of BixTes [153] and
a similar system, BisSes [124]. In principle, the signatures of the E,, modes can be revealed with
THz-TDS. However, since the sensitivity of the THz-TDS depends on the sample absorption and
the volume of interaction, THz transmission of the 16 nm thick BisTes film, compared to 490 nm
thick one [175] gives no signature of IR absorption (not shown here). Finally, the study of the E,
and E, modes are to be continued in the future. In the following, we concentrate on the discussion

of the generation mechanisms of the largest detected optical phonon mode in BiyTeg, i.e., A%g.

Discussion

In the section above, employing isotropic detection scheme, we detected the A%g coherent
Raman phonon in 16 nm thick BisTes, excited by THz pulses with central frequency /27 from
~ 0.53THz and up to ~ 0.73THz. For the fixed Qp/27 =~ 0.64 THz we have shown that the
amplitude of the A%g phonon seems to scale with E2;; , and is not affected by the polarization of
the THz pulse (according to Fig.3.14b). Next, Figure 3.15¢ shows that the amplitude of A%g phonon
is sensitive to the change of the THz pump central frequency and can be increased by a factor of 3,
which is not fully explained by the increase in THz power (see Fig.3.15b). The latter observation
underlines the crucial role of the THz spectrum on the non-linear process efficiency. Moreover,
preliminary anisotropic detection experiments revealed the presence of Eg2 phonon, detectable
at >1.5ps time delays. Both E! and E; phonons were not observed, most likely due to non-
optimal experimental conditions. Note, since the strongest Al , mode is Raman active, the resonant

excitation (Q4: o Erny) is forbidden by the means of symmetry.
g

We first briefly compare our work to previously published results on coherent phonon excitation
with THz. First, T. Huber et al. reported the resonant THz excitation of non-symmetric TO
phonons in Tellurium (Te) [122]. Then, A. Melnikov et al. proposed THz-ionic Raman scattering
mechanism of E2 phonon excitation in BiySes (THz-IRS, depicted in the Fig.3.17a) [124,125]. In
addition, the nonlinear phononics chapter in the L. Braun’s Ph.D. thesis discusses E§ coherent
phonon generation in BisTez and ShyTes [176], suggesting the displacive THz-IRS mechanism of
Eg phonon generation. Next, S. Maerhrlein et al. reported the generation of F, 40 THz Raman
active phonon in Diamond via an impulsive THz-sum frequency excitation (THz-SFE) mechanism
(see Fig.3.17a) [123]. They observe the maximum of F5, phonon amplitude for THz pulse central
frequency equal to the half of natural frequency of Fby mode (i.e. for Qp/2m =2 x Qp,,). As a
result, in the absorbing, semi-metallic BizTes, the A} , phonon generation may be governed by the
THz-SFE and/or THz-IRS processes.
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a) Two proposed scenarios of the A}, mode excitation: THz ionic Raman scattering (THz-IRS) and THz
sum-frequency excitation (THz-SFE). Figure adapted from [127]. b) Spectrum of the Ern, (violet) and
EZ4, (dash dot red), showing difference-frequency (DF) and sum-frequency(SF) components. Arrows

indicate optical phonon modes in BizTes.

Figure 3.17 — Two proposed pathways of A%g phonon excitation in Bix Tes.

Let us now discuss in more detail the experimental THz spectrum. The violet line in Figure
3.17b shows the FFT of the pristine Ery, (for Qo/2m = 0.64 THz). We can note that the high-
frequency shoulder of the THz pulse overlaps with the IR-active E! mode, allowing for the resonant
excitation of the latter. As established in the Theory section of this Chapter, the driving force
of E! phonon was defined as F(Q Br) = Zp Etn,. Assuming high-amplitude Qg1 displacement
in the presence of Ery,, it may result in A%UQ phonon excitation through anharmonic IR-Raman

interaction, where the force-term is F'(Qa1 ) x aQp o EZ4, (see Eq.3.31 and Fig.3.17a).

Next, let us examine the frequency components of the square of the THz electric field. In the

Fourier domain, E2, () will be given as:

F[E3y,(1)] :/OOO OoonldQQE(Ql)E(—Qz)

FB2, ()], (3.30)

+/ / A0 dQ E(Q) E(Qy),
0 0

FB2y, ()]

where the first and the second terms are the difference-(DF) and sum-frequency (SF) contributions,
respectively, that are shown in blue and red in Figure 3.12b. In our case, only the SF components
of Ern, have non-negligible spectral amplitude in the range of A%g mode. Therefore, one can
imagine A%g phonon excitation through the photonic THz-SFE, in analogy to the similar effect
observed in the diamond [123]. Importantly, in the case of both THz-SFE and THz-IRS, coherent
phonon amplitude is expected to increase quadratically with applied Ery, field amplitude, making
the distinction between these processes not straightforward. At this stage, we can only compare
the phase of the experimentally measured A} , phonon to the one expected from THz-SFE and

THz-IRS mechanisms, as explained below.

For example, the displacive THz-IRS and impulsive THz-SFE of A} , bhonon generation should

result in different phase of excited coherent phonon motion. To compare the expected A}g phonon
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phase as a result of THz-IRS and THz-SFE mechanisms, we phenomenologically solve the two sets
of the differential equations describing the two distinct pathways of A} ;4 excitation. However, since
we do not have any information about the values of frequency-dependent Raman tensor R({),
the life-time of IR E mode, its effective charge Z},, and strength of the anharmonic interaction
between E! and A%g mode, the further discussion i; based on simple numerical modeling. These
crucial parameters and the likelihood of THz-SFE and THz-IRS processes are yet to be confirmed

by the first-principle calculations.

Despite the absence of the theoretical parameters, we still able to numerically solve the set of

differential equations for @ At displacement. For the THz-IRS, based on Eq.3.29 we write:

Qpy + 2751 Qpy + V5 Qpy = 20Qp; Qa1 + Zp1 Erny,

. . . ) (3.40)
Qar, +2va1 Qay + @y Qay = alpy,
where a is the anharmonic coupling coefficient, yg1, and A1 are the IR and Raman damping
u g
constants, and Z7, is the effective charge of the Ei mode. For Ery,, we used the experimental

THz pulse shown in Fig.3.12a. The Yar was set to 0.285 ps—!

, and it corresponds to Aj ¢ Phonon
damping time of 3.5 ps, extracted from fitting the experimental data. We set Z7,, = —1,a = —1, 10
and yg1 = 1ps~'. The frequency of the E}, mode (g1 = 1.5 THz) was taken fri)m Table 3.1. The
solution for @ Al normalized to match the experimental data, and the driving force o GQ?% are

shown in the Figure 3.18a (as red line and pink filled area, respectively).

In the case of THz-SFE, one can write the following equation of motion [127,177]:
QA}H + 2'YA%QQA}Q + Qi%yQA}g = RE%y,. (3.41)

Here, we disregard the frequency dependence of the Raman tensor and set it to unity (R =1). We
use the same shape of Ery, as in the THz-IRS model. Solution for ) y along with its driving

force x E2y, are shown in the Figure 3.18a (as orange line and filled red area, respectively).

Now, let us compare the experimental data and Al displacement calculated with two models
proposed above. Figure 3.18a compares the around time-delay zero experimental signal and solu-
tions of the two models. Especially for the negative time delays, we see the big difference between
the 6T /T |optic (black line) and calculated @ at, displacement for both THz-IRS (red line) and THz-

SFE (orange line). We believe this is because we model only part of the signal o< 7*-@Q a1,- In
al,

addition, "parasitic" Ery, and E%HZ contributions may be present in the "raw" 6T /T eXperimental

signal [123,178], that are not included in our simple model.

From Figure 3.18c, we see that the THz-SFE model (orange line) describes better the phase of
the experimental signal (black line). However, it should be noted that both vz damping constant
and an anharmonic coefficient a used in the THz-IRS model heavily alter the phase of @ AL,
displacement, making this comparison inconclusive. As a result, there is always an open question
about the time delay zero definition (see Fig.3.12b), making the direct experiment-simulation

phonon phase comparison quite a delicate task.

10. The minus was chosen to better match the phase of experimentally measured A%g phonon.
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Figure 3.18 — Two proposed models of A}g phonon excitation: experiment vs. phenomenological mod-

eling.

As a final step, using the same numerical modeling, we can calculate the effect of the Ery, pump
central frequency on the A} o, Phonon amplitude for both THz-IRS and THz-SFE mechanisms. Fig-
ure 3.19a displays the experimental data (blue circles, presented in Fig.3.15¢) superimposed with
the results of the THz-IRS and THz-SFE models. Surprisingly, we have a good agreement between
the experiment and each proposed pathway of A} , bhonon generation. In addition, we see that the
maximum of @ ey displacement is expected for the THz central frequency of Q¢/27 = 0.925 THz
(half of A} , phonon mode natural frequency), which is out of reach in current experimental condi-
tions. Finally, at this stage, without first-principle calculations, we can not assign the generation
of Aj, phonon in 16 nm thick n-doped BiyTes to either THz-SFE or THz-IRS.

3.3.3 Conclusion

In this section, we have demonstrated the excitation of A} 4 coherent optical phonon in BiyTes
with THz pulsed radiation. We show that the generation efficiency of the A%g phonon scales
quadratically with THz field amplitude, and is affected by the change in the THz central fre-
quency. We have compared the experimental results to the two recently-proposed models of Al 9
phonon excitation, namely impulsive THz-SFE and displacive THz-IRS. Given our time-delay zero

abs

definition, defined as the temporal overlap between the "raw" 67'/T signal and calculated Wy,

profile, we find that the THz-SFE model does a better job in matching the experimental phase of
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Figure 3.19 — THz pump central frequency - A%g phonon amplitude dependence and the sketch of pos-

sible scenarios of Raman active phonons generation in Biy Tes.

the A} g+ In addition, preliminary anisotropic detection results have not revealed the presence of
either Raman E; or IR E} phonons. At the same time, we saw a clear, long-lived signature of the
Es mode, with a frequency roughly four times higher than the Qg /27 of the driving THz electric
field. At this moment, we can not conclude on the possible mechanism of Eg mode excitation, and

more experimental studies are needed.

Finally, BioTes is a perfect system to study the complex nonlinear and anharmonic interaction
between various optical phonon modes. One can imagine a rather complex nonlinear pathways of
Ai,, E, and E? generation, which may be governed solely by the THz-SFE, THz-IRS, or combi-
nation of both, as sketched in Fig.3.19b). To confirm or contradict this assumption, theoretical
modeling and additional experimental developments are needed. From the theoretical point of
view, our colleagues Brice Arnaud and Rémi Busselez are working on first-principle calculations
(DFT) to evaluate the respective amplitudes of impulsive and displacive forces acting on the A%g
phonon. Concerning the experimental developments, the BisTes sample orientation, FEry, and
Eprobe angular dependence of 67/T are to be measured, both in isotropic and anisotropic detec-
tion configurations. In addition, an automated tilted-pulse front realignment feedback-loop could
be built, which will allow us to tune the THz pulse central frequency in the range of 0.4-3 THz [102].
Such tunable THz source could help us to better understand the coherent phonon generation in the
highly off-resonance THz-pumping conditions. In addition, a two-dimensional time-resolved pump-
probe spectroscopy can be used to study and control the nonlinear interaction between selected
phonon modes in BipTez [116,179-181]. Understanding the nonlinear generation and coupling
between optical phonon modes is crucial for the selective control over the coherent states of the

lattice vibrations.
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3.4 Conclusions and perspectives

This chapter demonstrates the generation of coherent acoustic phonons with THz pulses in
nanometric films of metals (Chromium and Aluminum) and narrow-band semiconductor (Bismuth
Telluride) with pulsed THz radiation. We show that the coherent acoustic phonon amplitude
in Cr, Al, and BiyTes nanofilms scale linearly with the THz pump pulse energy. In addition,
the acoustic period is proportional to the thin film thickness, as demonstrated for the BisTeg
nanofilms. We conclude that the THz excitation leads to the ultrafast change in the thermoelastic
stress due to the ultrafast Joule effect for the Cr and Al nanofilms. In comparison, while the
THz-induced thermoelastic stress is the primary driving acoustic phonon generation mechanism
in metals, the BiyTes’s linear acoustic response as a function of the THz-pulse energy could be
a preliminary indication of a thermoelastic and/or a deformation potential generation process.
However, more controlled experiments and first-principle calculations are needed to determine the

origin of coherent acoustic phonon generation with pulsed THz radiation in BisTes.

In the second part of this chapter, we conduct the experimental study of coherent optical
phonon generation in 16 nm thick BisTeg film with pulsed THz radiation. For the first time, we
demonstrate that the A%g Raman active optical phonon with 1.85 THz frequency can be excited
with a THz pulse of a 0.64 THz central frequency. Furthermore, we show that the amplitude of the
Al , mode scales quadratically with the amplitude of the applied THz electric field and does not
depend on the THz pump polarization. In addition, we show that the change of the THz pump
central frequency from 0.52 THz to 0.73 THz leads to the three times more efficient generation of
the Al ¢ Phonon. We then compare the experimental data with the two phenomenological models:
impulsive Raman THz-Sum Frequency excitation and displacive anharmonic THz-Ionic Raman
scattering. We find that the phase of the THz-Sum Frequency excitation model fits better the
phase of experimental A} ¢ signal. However, first-principle calculations are necessary to estimate
the relative amplitudes of displacive and impulsive forces that can contribute to the A}g phonon

generation in 16 nm thick BisTeg film.

In future work, the study of the acoustic phonon generation with THz could be extended to
metallic nanoparticles that may be fabricated to support acoustic vibrations in the THz range. In
addition, the experiments on the BisTes film with various doping and tunable Fermi levels could
help identify the primary microscopic mechanism of acoustic phonon generation in narrow-band
semiconductor films. Furthermore, the experimental developments in the frequency tunable THz
source combined with the 2D time-resolved spectroscopy may allow us to explore the different
excitation conditions of optical phonon modes in BisTes. Finally, by comparing the experiment
and first-principle calculations, we should be able to identify the dominant mechanism of A%g

phonon generation in BisTes.
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Ultrafast spin-to-charge conversion
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4.1 Introduction

Over the last decade, electricity consumption by the information and communication technology
sector (ICTS) has rapidly increased. It has been estimated that starting from 2020, ICTS will be
responsible for more than 11% of Global use of electricity [182]. With an exponential increase in
the generated and stored data, there is a necessity for energy-efficient, fast, non-volatile memory
and energy-harvesting devices. Spintronics is regarded today as a promising field of physics capable

of proposing some possible solutions of this problem [183].

The main goal of spintronics is to develop an efficient way to excite, "flip," transport, and
convert spins under external stimuli. The study of the spin-transport and spin-to-charge conversion
phenomena in the Magnetic/Non-Magnetic (NM) heterostructures in the DC regime displays the
possibility of efficient control of the magnetic degrees of freedom with a relatively small amount of
applied current (within &~ nV — nV range) [184-186]. However, the development of fast memory
devices requires an understanding of the magnetic system response times upon rapidly-varying
external stimuli, such as magnetic, electric and light pulses. Interestingly, the ultrafast response of
a Ferromagnetic (FM)/NM heterostructure to an ultrashort laser pulse can be probed with THz

emission spectroscopy, as discussed in the following Theoretical background section.

95
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a) The deposition of the MgO on top of the CoFeB will lead to the creation of the Rashba states at the
CoFeB/MgO interface. The left column represents Fermi surfaces of opposite magnetization orientations
for CoFe/MgO interface and given sign of the electron effective mass m*. b) The experimental
configuration of the Ferro-magnetic resonance experiment. ¢) Detected spin-charge currents for
CoFeB(5nm)/Pt(3nm) (blue closed dots) and CoFeB(5nm)/MgO(6 nm) (red closed dots) with their
respective fits. Inset: FMR line-widths as function of the RF exciting field frequency. Effective Gilbert
damping of 5e-3 and 10e-3 can be extracted for CoFeB(5nm)/Pt(3nm) and CoFeB(5nm)/MgO(6 nm)

respectively. From [4].

Figure 4.1 — The Rashba splitting (ar) calculated from the band structure of Co-Fe terminated
CoFe/MgO interface and FMR spin-pumping experiments.

The physical mechanisms discussed in this Chapter are based on further development of the the-
ory, introduced back in the Section 1.2.3. This will serve as literature review of the recent achieve-
ments in THz-spintronics based on the manipulation of spin precession and spin currents. The
experimental part of this chapter is inspired by the existence of the Rashba states in CoFeB/MgO
bilayers, recently observed with quasi-static ferromagnetic resonance spin-pumping measurements,
where the samples are excited by a microwave magnetic field at a fixed frequency [4]. Interestingly,
they show an identical spin-to-charge conversion efficiencies between the best-performing inverse
spin Hall emitter (CoFeB/Pt) and Rashba converter (CoFeB/MgO) (see Fig.4.1)c). As a result,
Rousseau et al. [4] claim that the deposition of a thin 6nm MgO layer on top of the FM metal,
such as Co, Fe, CoFe, or CoFeB, will lead to the creation of the Rashba states inside FM, in the
vicinity to the MgO interface.

In the Experimental results section we show that ultrashort laser pulse illumination of some
hybrid magnetic nanostructures leads to the emission of sub-ps THz pulses. In addition, we
will demonstrate that the emitted THz is sensitive to different experimental parameters, allowing

us to investigate different microscopic spin-to-charge conversion mechanisms. In particular, by
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comparing the ultrafast light-induced THz-emission in CoFeB/Pt and CoFeB/MgO systems we
will try to identify and estimate the relative amplitudes of ultrafast Inverse Spin Hall effect (ISHE),
bulk conversion inside the ferromagnetic CoFeB, and the Inverse Edelstein effect (IREE). At last,
we demonstrate the striking difference between the ISHE and IREE effects as a result of the pump
photon energy sensitive IREE spin-to-charge conversion. To the best of our knowledge, this effect

was never observed before, and opens prospects for light-controlled spin-orbit THz emitters.

4.2 Spin transport: Theoretical background

The spin-orbit interaction (SOI) can affect and alter the propagation direction of the spin and
charge current in the material. For example, some FM/NM interfaces with broken time-reversal
symmetry may act as the source of the so-called spin-galvanic effects [187]. In addition, particular
spin and charge transport effects can arise from temperature gradient within the FM or at the
FM/NM interface. These effects are often used for the spin-injection [188] and spin-to-charge
conversion [189]. In the following subsections, we will discuss the main spin-dependent transport

phenomena and how one can probe them at the sub-ps time scale.

4.2.1 Spin precession

In the Section 1.2.3, we discussed the undamped precession of the spins on the lattice as the
result of the near-neighbor exchange interaction field B;w (see Eq.1.49). Here, let us look at
the change of the expected value of the spin operator of a single electron subjected to the time-
- Bet(t), the

undamped spin-precession in the presence of an external magnetic field will read [190]:

dependent external magnetic field Bem(t). Given the Zeeman term H, = -l

£<§> = P18 (8) x Bew(t), (4.1)

where the time-dependent change in (8) will happen at the specific angular frequency wrarmor =

pBh 1 Beys, known as Larmor precession frequency [11].

Moreover, the additional spin-dependent terms in the Hamiltonian for the many-electron system
show that the spin-precession can be coupled to the magnetic anisotropy, lead to the demagnetiza-
tion, modify the exchange interaction, and interact with various magneto-elastic contributions [13].
In reality, due to the dissipation of the angular momentum, the perturbed system will return to
equilibrium, resulting in the damped precession of a spin around the field felt by the magnetic
system. Therefore, the spin-damping is accounted for by an additional term, and the initial action

of B.ys on the spin-operator named the spin-torque.

In the frame of macroscopic magnetization (M, see Eq.1.43), the precessional damping of the

magnetization can be described in terms of the Landau-Lifshitz-Gilbert (LLG) equation [191]:

M M
LZWQMXBeff—aﬁMXa

ot M ot '’ (4.2)

where M is the magnitude of M, v = v/(1 + aZ) with gyromagnetic ratio v and the Gilbert

damping parameter ag. Importantly, while the direction of M is subject to change, the magneti-
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transport will carry the information about the angular momentum, leading to the spin-polarized electron
current. (3) When the current density with up and down spin polarization flows in the opposite
direction, only flow of the angular momentum can exist. This corresponds to the pure spin current.
Figure after [195]. b) Electron propagation in the presence of an external electric field is affected by the
scattering and deflection of the impurities. The mean distance of the change in electron direction or
energy is called mean free path A. The mean distance describing the flip of an electron’s spin is denoted

as spin diffusion length, \,. Figure adapted from [196].

Figure 4.2 — Different types of the electron current and spin-diffusion length.

zation magnitude M will not be affected [192]. The second term in Eq.4.2 describes the angular
momentum loss via precessional damped-motion of magnetization through interaction with the
conduction electrons, phonons, magnons, or lattice defects [191]. To summarize, this equation
is valid for T < T¢ while the phenomenological damping term corresponds to the multitude of

complex energy transfer processes within the magnetic material.

The generalized forms of the LLG equation are used to model the temporal dynamics of the
magnetization precession M in magnetic materials [193] subjected to external stimuli [194]. For
example, one can change the direction of M: by exciting the FM with an EM wave of a specific
polarization and frequency close to wrqrmor, via spin accumulation in the adjacent NM layer or
by thermal effects [192]. Notably, the opposite is true: dynamical magnetization will "pump" spins
into the adjacent NM layer. We note that such pure spin current generation does not involve any

contribution of electron transport.

4.2.2 Spin currents

Electron transport in magnetic materials can lead to the generation of the spin current. In
addition to the charge current, usually defined as the flow of the electrons along the given direction
(See Fig.4.2a), magnetic materials allow for the transport of the intrinsic angular momentum.
Regarding the ongoing discussion about the definitive formulation of the spin-current [197,198],
we will address it in the frame of a phenomenological two spin-channel model described elsewhere
[195,199].

In the frame of the Stoner model introduced in the Section 1.2.3, one can express the the

electron charge j. and the angular momentum js in the terms of spin-dependent carrier density
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pT+ and velocity vT+ as:

Je=3" 4t =—e(p™o" + pro);

o Pt by = T oy

Js = —5(p prov) = =5 (0 = J7)
This equation summarizes three possible variations of the electron current depicted in Fig.4.2.
Usually, in NM conductors, the equal density of the spin-up and spin-down electrons at the Fermi
level renders j, = 0, establishing the pure charge current flow. However, in the FM both p' # p*
and vT # vt are true, allowing for simultaneous charge and spin-current flow called spin-polarized
current (see Fig.4.2a2). However, when jT = —j+, as displayed in Fig.4.2a3, only the transport of
the electron spin can exist, denoted as pure spin current. Moreover, the generation of the pure
spin current is quite challenging task, sometimes requiring extreme experimental conditions and

use of specific magnetic materials [200].

In analogy with the electron mean path A, the collision and scattering events may alter the
particles’ spin direction. The mean distance that thermalized electrons can travel without change
in their angular momentum, or without so-called "spin-flip"(as shown in Fig.4.2b), is called spin
diffusion length A, [201]:

1
As = E’UF\/ TsTe, (44)

where 75 is the spin-flip time or spin lifetime. Ay is directly linked to the electron velocity at the
Fermi level vp and scattering time 7.. This equation, however, does not take into account the
different spin-flip diffusion lengths for the majority and minority of spin-polarized carriers due to
the asymmetric scattering [201]. Most materials with strong SOI are known to have short A in the
order of tens of nanometers. The spin-flip is known to occur via two competing mechanisms: Elliot-
Yafet, [202] which dominates for centrosymmetric conductors, and D’yakonov-Perel’ [203], superior
within the 2D systems and semiconductors (GaP, ZnTe, GaAs) lacking space-inversion symmetry.
Interestingly, the Elliot-Yafet mechanism predicts the spin-rotation during the collisions, while the

D’yakonov-Perel model describes spin-flip in-between scattering events.

4.2.3 Field-driven spin transport effects in DC (quasi-static)
Hall and Anomalous Hall effects

E.H. Hall in 1879 [204] discovered the transverse deflection of the charged particles in metals
subjected to the presence of an external magnetic field Be,;. One can explain this observation in

the means of the classical Lorentz force, which acts on moving charged particles with speed v:
F =—e(E+v X Bey). (4.5)

About two years after, Hall discovered the same effect in ferromagnetic materials, which is of
one order of magnitude stronger [205]. Newly discovered Anomalous Hall effect (AHE) was then
combined with the Hall effect by Pugh and Lippert [206] to describe the total Hall resistivity (p;(;f)
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a) The ordinary Hall effect. Lorentz force is acting on the driving current j. in the presence of the

external field Begt, resulting in the transverse Hall current j, ) The extraordinary or Anomalous Hall

effect. The j. flow will generate the transverse spin-polarized current in the magnetic material with

non-zero macroscopic magnetization M # 0 via the Anomalous Hall Effect. Figure adapted from [44].

Figure 4.3 — The geometry of the Hall and Anomalous Hall effects.
in terms of both Hall (p"%!) and AHE (p*¥) contributions:

Py = " Begrs + pM1E M. (4.6)

It was observed that in the absence of M, i.e., when working with NM conductor, p,, is increasing
linearly with B.., as expected from Eqs.4.5,4.6. However, for the FM Ni, the p;, linearly increases
at low Bz [207], and then rapidly saturates due to the parallel alignment of all spins along the
direction of the applied magnetic field [208].

The AHE describes the charge to spin-polarized current conversion. In general, the total AHE

conductivity tensor (aff ) can be expressed as the sum of the following contributions [208]:
1 . 4
_ _AHE _ _AHFE—int AHE—sj AHE—skew
AHE ~— Umy - Umy + Umy + J:cy ’ (47)
pwy
where UfyH B-int a;“yH E=si and UﬁyH E=skew are the intrinsic, side-jump and skew-scattering con-

tributions shown in Fig.4.4.

Intrinsic deflection: The intrinsic contribution to the AHE (o2, #~"") depends on the band
structure of the perfect crystal [209]. The total velocity of a Bloch electron in the band n, with
band momentum k in the real space, in the presence of the applied electric field E can be written
as [208,210]:

o(r) 1 Oe, (k) hk
T ) BT x by (k) (4.8)
—_———

normal velocity — anomalous velocity

where the first term corresponds to the ordinary electron velocity in the band n at the energy level
en(k). The second term introduces the transverse (anomalous) electron velocity perpendicular to

both applied E and Berry phase-curvature b, (k). b, (k) strongly depends on the electron band
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a) Intrinsic deflection b) Side jump c) Skew scattering
E
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a) Intrinsic deflection. Electrons gain anomalous velocity perpendicular to the direction of the external

electric field E that heavily depends on the electron band structure. b) Side-jump scattering. Electrons
with opposite spins are deflected in the opposite directions due to the scattering of an impurity. c)
Skew-scattering. Asymmetric, spin-dependent electron deflection as a result of the electron or impurity
SOI. Adapted from [208]

Figure 4.4 — Schema of Hall Effect contributions.

structure, and it is the gauge-invariant representation of Bloch wave function geometric properties.
The anomalous contribution is similar to the classical Lorentz force (see Eq.4.5). Still, it originates
from the SOI where b, (k) acts as a magnetic field in the momentum space [210]. The intrinsic
contribution usually dominates the side-jump and skew-scattering in pure crystals with large SOI

and does not require electron scattering [211].

Side-jump scattering: The side-jump contribution (afyHE*Sj ) to AHE is the scattering
process where electron momentum and energy are not affected. The scattering of the electron
wave packet from the impurity will lead to spin-dependent transverse displacement. The electrons
with opposite spins will experience an equal shift in the opposite directions, as shown in Fig.4.4b.

AH-—sj

Interestingly, the numerical prediction of the o7’ is highly challenging since it depends on the

intricate details of the material disorder.

Skew-scattering: Skew-scattering alters the electron momentum after interaction with the
impurity. Its efficiency is proportional to the electron scattering time 7. [208]. Skew-scattering
can occur in the presence of a strong SOI, leading to the spin-dependent change in the electron
momentum, as shown in Fig.4.4. Additionally, the skew-scattering can happen in the absence of
SOI, when the electrons are subject to motion in the spin-orbit-coupled band structure. The latter

can be thought of as the impurity-analogy of the heavy-atoms Mott-scattering [211].

Spin Hall and Inverse Spin-Hall effects

The description of the Spin Hall effect (SHE) and Inverse Spin Hall Effect (ISHE) are directly
related to the physics of the AHE. SHE and ISHE effects describe the conversion of the conserved
charge quantity to the decaying and dephasing amount of spin [211]. This defines the SHE and
ISHE as charge-to-spin and spin-to-charge conversion mechanisms respectively, first predicted by
Dyakonov and Perel in 1971 [212]. Similarly to the AHE, the SHE conductivity tensor UfyH can
be expressed as the sum of three mechanisms:

O'SH _ O_SHflnt +O'SH75] + O_fzf]fskew7 (49)

ry T Ywy Ty

: SH—int
with o7,

tions, already discussed in the previous subsection.

, O’f;l —%J and cffyH —skew heing the intrinsic, side-jump and skew-scattering contribu-
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a) Spin Hall effect b) Inverse Spin Hall effect
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a) Spin Hall Effect. In the non-magnetic material (NM), the charge current flow will establish the

transverse spin current, due to the effective spin-orbit field experienced by the charged particles, in
analogy with Lorentz force. b) Inverse Spin Hall Effect. The pure spin current injected in the NM will

result in the transverse charge current due to the SOIL. The figure is redrawn from [44,195]

Figure 4.5 — The geometry of the Spin Hall and Inverse Spin Hall effects.

The vital distinction between the AHE and the SHE is that AHE can happen only in mag-
netic materials, while the SHE and the ISHE are suitable for all materials with strong SOI. For
example, injection of pure spin current in the NM will establish transverse charge current due to
the asymmetric scattering arising from different concentration of the minority and majority spin
populations at the Fermi level. Inversely, NM will convert pure spin current into pure charge

current.

The amount of spin or charge generated via the SHE and ISHE can be described with the

following equations [211]:

. h .

3o = _%QSHE[JC X o),

ISHE 2e (4.10)
jc :7E03HE[J.SXUS]’

where Ogy g is the so-called spin Hall angle that describes the conversion efficiency, and o is the

unit vector of the spin-/spin-current polarization.

The well-studied field-driven effects, such as AHE, SHE, and ISHE, are routinely used to
measure and characterize spin currents. The magnitude of the 85y can be measured by studying
the efficiency of the spin-to-charge conversion with a variety of different techniques: FMR spin-
pumping [213], thermal spin injection via the spin Seebeck effect [214], spin Hall magneto-resistance
[215], and spin torque FMR [216].

Rashba-Edelstein and Inverse Rashba-Edelstein effects

As discussed in the Section 1.2.3, the Zeeman Hamiltonian can lift the spin degeneracy of
the electronic band structure, leading to the Dresselhaus and Rashba splitting. However, special
conditions have to be fulfilled regarding the time-reversal and space-inversion symmetries of the

madterial.

Symmetry considerations: When the time-reversal symmetry is preserved, i.e., T : t — —t,

following the Kramer’s degeneracy theorem, the energies of fermions with opposite momentum
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a) The band structure of electrons in 2D system in the absence of the SOI (grey). In the presence of SOI,

E (eV)

binding energy

blue and red curves denote spin-split electron dispersion curves. Region I is the energy interval between
the bottom of the bands, defined as Fr and the binding energy ¢p, with similar spin-dependent dynamics
of the inner and outer branches. At high energy, inner and outer branches show opposite spin-direction
dynamics. b) Angle-resolved photoemission spectroscopy (ARPES) intensity from the Au(111) surface

state, showcasing the existence of the inner and outer electron branches. Adapted from [217]

Figure 4.6 — Schema of the parabolic spin-split band structure in pair with Rashba splitting observed
in Au (111).

k — —k and spin are the same:

Braw) = E-ruen):- (4.11)

This equation leads to the parabolic electron dispersion relation. However, the effective SOI
field can affect the trajectory of charged particles depending on their spin. Therefore, the SOI may
lift the time-reversal symmetry. In the case of centrosymmetric medium with SOI, both spin- and
k-dependent effects are allowed, establishing the well-known SHE and ISHE effects in Pt and Ta,

for example.

Non-centrosymmetric medium, by definition, lacks the space-inversion symmetry, so that:

Errw) # k) (4.12)

Space and time-reversal symmetries will be lifted if we introduce the SOI in non-centrosymmetric
crystals. In addition, broken space-inversion symmetry can indirectly create the intrinsic, stray
electric field, which can be coupled to the electron spin via SOI. Such electric field (E) can also
exist as a result of a junction effect when two layers are in contact (as in the case of the hybrid
nanostructures studied in this Chapter). Thereby, the electrons with velocity v feel in their frame
of refference a local magnetic field called the Rashba field (B*) given by B* = ¢=2.v x E [11],

creating the Rashba-split band-structure ( an example is shown in Fig.4.6).
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The Rashba Hamiltonian can be expressed as the interaction between the spin-vector s and

the electron momentum vector k as [184]:
Hp x B* x s =ap(k x 2) - s, (4.13)

with the coordinate normal to the interface z, and the Rashba coefficient a g that is proportional
to the splitting-electric field. The Rashba Hamiltonian Hp will lead to the following electron

dispersion relation [4]:

21.2

ek
Er (k) =
+1(k) =¢c0+ St

€

=+ |ag|lkl, (4.14)

where g¢ is the band-crossing energy at k = 0 (see Fig.4.6a). Importantly, ag is not a constant,
and can be expressed as:

2ER
QR = H,

(4.15)
with Er being the band-splitting energy at k = kg [4], displaying the relationship between the

Rashba coefficient and the electron momentum.

The Rashba-split band structure allows for the charge-to-spin and spin-to-charge conversion. It
was first theoretically predicted in 2D systems [218] and was later called Edelstein or spin-galvanic

effect [187]. The spin-galvanic effect was then first measured at the Ag/Bi interface [219].

Rashba Edelstein Effect: Let us consider the direct Rashba Edelstein effect (REE). The
action of an external electric field E,, leads to a shift of the Fermi sphere. As a consequence there
is a total non-zero electron momentum in the z-direction with Ak, x —E, < —j& , as shown in

Fig.4.7a. The net spin current density generated under the action of E, can be expressed as:
§s = dsy — 65) o< kP Sk, — ki ok, (4.16)

where k3! and k%" are the radii of the outer and inner Fermi contours. Considering similar electron
scattering times for both contours, the finite spin accumulation will happen under the action of

E, or the injection of the charge current j_.

Inverse Rashba Edelstein Effect: Like the ISHE, the Inverse Rashba Edelstein effect
(IREE) describes the charge current generation upon injection of the spin current at the Rashba
interface. As shown in Fig.4.7b, the injection of the spin-current polarized along the y-direction will
shift the outer and inner Fermi contours by an equal amount dk,.. However, the total displacement

dktotal will be proportional to:

(Sk;Otal o Ak;ut _ Ak;’ﬂ/ o k%uté'kz _ k?ékx (417)
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a) Direct Rashba-Edelstein effect (REE). Charge current 5% applied along the —z direction will equally
shift the Rashba-split Fermi contours by the amount Ak,. This will create two unequal spin densities ds;
and 0s4 (red and blue shaded regions, respectively) that will lead to the finite spin accumulation. b).
Inverse Rashba-Edelstein effect (IREE). The injection of the spin-current along z, polarized along the
y-axis, will lead to the unequal displacement of the Rashba contours by the amount of Ak%*' and AkI".
Uneven carrier acceleration in the opposite directions will lead to the charge flow along the z-axis.
Redrawn from [195]

Figure 4.7 — Schema of the spin-to-charge conversion at the Rashba interface.

The non-zero §ki°* will result in the generation of the charge current perpendicular to the
polarization of the injected spin-current (along k.). One can notice that the REE and IREE
efficiency depends on the splitting of inner and outer contours, which is related to the magnitude
of the Rashba coefficient ag. The charge current generated by the IREE, sensitive to the spin-

current polarization direction o, can be written as [219]:

3P o ArrpE -G, X 0, (4.18)

where "effective Rashba length" A\igppp = ag7s/h, with 75 being effective eletron spin relaxation

time.

4.2.4 Thermally-driven spin transport effects in DC (quasi-static)

Experimental and theoretical developments of the Hall-driven effects led to the discovery of
thermally-driven spin-transport phenomena, such as the spin-Seebeck [220] and the Nernst [221]

effects.

Seebeck effects

Seebeck effect: Let us take two metals with different transport properties. The thermal
gradient VT applied along a given direction will lead to charge redistribution in the bulk of each
metal. If we bring those two metals into electrical contact, we will establish the current flow along

the junction due to the well-known Seebeck effect, as shown in Fig.4.8a. The current flow will be
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a) Seebeck effect. Temperature gradient VT applied to the two metals in contact, with different
transport properties and Seebeck coefficients K 2, will lead to the charge flow along the junction

x VT (K1 — K3). b) Spin-dependent Seebeck effect. The different mobility of the majority and the
minority electrons in the magnetic metal will result in the different spin-dependent Seebeck coefficients
Smaj and Spmin respectively. The temperature gradient applied to the metal with the net magnetization
will lead to the generation of the spin-polarized current o< VI'(Sma; — Smin). €) Spin-Seebeck effect. The
magnons excited by the temperature gradient V71" will carry the pure spin current along the direction of

the gradient. Dominant in the magnetic insulators. From [44].

Figure 4.8 — Schemes of the multiple Seebeck effects.

proportional to:
B« VI(K, - Ky), (4.19)

where K7 and K are the Seebeck coefficients. The Seebeck effect is the operational principle of
the thermocouples with K = AV/AT the Seebeck constant and V' is the Seebeck voltage.

Spin-dependent Seebeck Effect: The spin-dependent Seebeck effect (SDSE) describes
the generation of spin-polarized charge current (jss DCS B ) under heat gradient VT in the bulk
of a FM metal, shown in Fig.4.8. It is explained by the different transport properties of the
minority- and majority-spin electrons that are related to the spin-dependent Seebeck coefficients
Smaj and Spn [222]:

35558 o VT (Smaj — Smin)- (4.20)

However, the spin-diffusion length A, is the determining factor concerning the efficiency of the
SDSE in the FM metals. The strong spin-flip scattering in the bulk of the FM layer can drastically
reduce the number of spins injected in the neighboring NM layers [214,223].

Spin Seebeck Effect: Contrary to the SDSE, the spin Seebeck effect (SSE) is related
to the generation of pure spin current (Jf SE ) in magnetic insulators [220]. Here, the magnons
carry the pure spin current, which is usually detected by the ISHE in a NM layer. As shown
in Fig.4.8c, this spin-current in the NM material is generated through the temperature difference
between the electron temperature T, in the NM metal and magnon temperature T} in the magnetic

insulator [224]:

35°F = Kssp - (T = T), (4.21)
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a) Nernst effect. When thermal gradient VT is applied normal to the direction of external field By, the
Nernst charge current 57 is generated normal to both. b) Anomalous Nernst effect. In the materials
with a spontaneous magnetization M, the Anomalous Nernst spin-polarized current _]ANE x VT x M
will be generated. c¢) Spin Nernst Effect. Different scattering rates for the electrons below and above
Fermi level flowing in the different direction will generate the pure spin current inside the material.
Adapted from [226]

Figure 4.9 — Geometry of an Anomalous Nernst and Spin Nernst Effect.

where Kgssp is the spin Seebeck coefficient. In ferromagnetic metals, however, both Spin-Seebeck

and Spin-dependent Seebeck effects can simultaneously exist [222,225].

Nernst effects

Nernst Effect: The Nernst effect, discovered by v.Ettingshausen and Nernst in 1886, is the
temperature analogy of the Hall effect [221]. In the presence of an external magnetic field By
applied perpendicularly to the thermal gradient VT, as the result of the SOI, the Nernst current
will be generated perpendicular to both V1" and B.,¢, as shown in Fig.4.9a.

Anomalous Nernst Effect: When the thermal gradient is applied to a FM metal, the
macroscopic magnetization M can result in the strong Nernst effect even in the absence of the
external magnetic field, as displayed in Fig.4.9b. Such thermal counterpart of AHE is called the
Anomalous Nernst effect (ANE). One can express the transverse charge flow established by the
VT in the FM metal as [227]:

52N < OanEVT x o, (4.22)

with 04 5 g being the anomalous Nernst coefficient, describing the longitudinal-to-transverse charge
conversion efficiency. The study of the jCANE dependence on the FM layer thickness dgj; show the
decrease of the 6 4y g due to the increase in resistance of FM. Importantly, for FM with thickness

drap > As, ANE can compete or even completely dominate the SDSE [188].

Spin Nernst Effect: The spin Nernst effect (SNE) describes the pure transverse spin current
generation arising from the longitudinal heat gradient [177,228]. The SNE originates from the
different transverse scattering rates for the above Fermi level ("hot") and below Fermi level ("cold")

electrons flowing respectively along and against the temperature gradient direction, as shown in
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Fig.4.9c. Thus, spin current originating from the SNE can be expressed in terms of [229]:

FINF o Gl — 5N < Osnpdy X 0, (4.23)
where OgnE is the Spin Nernst coefficient and j;, = —xV7T is the heat current with x being the

thermal conductivity. The spin Nernst effect was directly observed in the heavy metal (HM) like
Tungsten [230] or Platinum [177,229].

4.2.5 Terahertz emission as the signature of the ultrafast spin-charge

conversion

As of today, researchers are mainly focused on the characterization of the spin-to-charge con-
version in the DC and GHz regimes via SHE and ISHE [211], AHE [208], SSE and SDSE [220,231],
ANE [226], and IREE [184,232]. Hypothetically, all of these mechanisms can lead to the spin-charge

conversion not only at the GHz and DC frequencies but in the THz range as well.

The charge current generated from the spin-to-charge and charge-to-charge conversion within
the FM/NM heterostructures is usually detected in the DC/GHz regime by placing physical con-
tacts on top of the NM layer, used to measure the transverse current. On the other hand, in
the THz regime the spin-to-charge conversion can be probed in a non-contact manner [3,233]. If
we recall the Maxwell wave-equation (see Eq.1.93), the transient charge current (j,) generated in
the heterostructure can act as the source term, responsible for the emission of an electromagnetic

radiation:

9j.(1)
ot

Er,(t) o : (4.24)
Let us consider what happens upon the excitation of the FM film by a femtosecond laser pulse
propagating along the z-axis. By applying the external magnetic field H along the z-axis to fix
the magnetization direction M of the FM layer (i.e. H” || M” || o), the total transverse spin-
polarized current (j¥.) generated by the fs of laser pulse propagation inside the FM will be given

Js.e(t) o Z ol(t) x 3cs(t), (4.25)

and it could be the combination of all possible spin-to-charge conversion mechanisms (such as AHE,
ISHE, and IREE, DMG), as displayed in the Fig.4.10. As of today, for THz spintronic emitters, the
ISHE remains the most efficient conversion mechanism to date, completely overpowering ultrafast
AHE and IREE conversion mechanisms [234,235]. The following section will provide a brief litera-
ture overview of the most relevant and impactful studies about the THz spin-charge conversion in
magnetic nanometric heterostructures and ultrafast spin-injection mechanisms at the picosecond

timescale.

Supperdiffusive spin current injection

The ultrafast quenching of the magnetization in the ferromagnets at the 100 fs time scale was

addressed with the superdiffusive spin transport theoretical model that relies on the spin-dependent



109 CHAPTER 4. ULTRAFAST SPIN-TO-CHARGE CONVERSION

800 nm
a

800 nm
pump b pump

d) 800 nm
pump
THz
pulse

Light Absorption profile
Heat Flow

i) Detected THz

(— ISHE IREE AHE ANE

800 nm
(¥ pump

Jedered

a) Inverse Spin Hall effect (ISHE) driven THz emission. The spin current generated upon

Ern, E %jc,

ﬂ_ h
=

4

X -dpy T, o Te -dau
& T (0) — Te(0)

JSSSE

photoexcitation of the Ferromagnetic (FM) layer gets injected into the Non-Magnetic (NM) layer with
strong SOI, where it gets converted into the transverse charge current ngH P < X M.

b) Inverse Rashba-Edelstein effect (IREE). Spin-polarized current that arrives at the Rashba-split
interface (RI) will produce the transverse spin-polarized current due to the uneven displacement of the
Rashba contours j27F% o j, x M.

c) Anomalous Hall Effect (AHE). The initial light absorption profile established in the FM layer upon
laser irradiation can create the flow of the hot carriers in the bulk of the FM layer. The longitudinal
charge current flow is then converted to the transverse charge current ij Foxj.x M.

d) Anomalous Nernst Effect (ANE). The temperature gradient V7' established by the inhomogeneous
light absorption and the different heat transport properties at the interfaces may establish non-equivalent
charge distribution along VT direction. The resulting transverse current generated within FM is then
given by ijE x VI x M.

e) Spin-dependent Seebeck effect (SDSE). The spins are pumped into the NM layer due to the difference
in the magnon 75, and electron T, temperatures. Then, the spin-current arriving into NM layer can be
written as jss DSE  §Tpme. As a result, THz can be emitted via ISHE conversion taking place within NM
layer, for example.

f) In the case when all conversion mechanisms are permitted, the detected THz radiation will be the sum

of all contributions. The signs of all THz waveform are arbitrary.

Figure 4.10 — Possible contributions to the THz emission, originating from the different ultrafast spin-

to-charge conversion mechanisms.

transport of the hot electrons [236,237]. This model describes the competition between the diffusive

and ballistic transport of the spin-polarized carriers at the fs timescale. Recent publications on
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a) Terahertz signal waveforms and b) resulting amplitude spectra of the spintronic trilayer emitter in
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of the spin-Hall conductivity (blue bars). From [242]

Figure 4.11 — ISHE based emitters: Efficiency and comparison to conventional THz sources.

THz spintronic emitters use the superdiffusive spin model to compare the experimental data with
Finite-difference time-domain simulations of the excited spin currents via femtosecond laser action
[238,239]. As a result, the bipolar shape of the emitted THz pulse is explained by the superdiffusive

transport and multiple carrier reflections within the magnetic heterostructure [240, 241].

ISHE-driven THz emission

In 2013, Kampfrath et al. reported the THz emission from FM metal/Metal heterostructures,
such as Fe/Au and Fe/Ru [3]. They demonstrated that the polarity of the emitted Eru,(t) de-
pends on the sign of the Spin-Hall angle 0sy g and on the H direction. Furthermore, they show the
influence of carrier mobility in Au and Ru on the amplitude and bandwidth of the detected THz ra-
diation. Moreover, T.H. Dang et al. combined both FMR and THz-TDS to address the importance
of the material-dependent electron transport properties and spin-dynamics on the spin-to-charge

conversion [238].

Later, Seifert et al. studied the ISHE-driven emission from more than 70 FM/NM bilayer
configurations [242]. They compared the bandwidth of the spintronic THz emitters (STE) to
conventional OR- and photoconductive-based THz sources, as shown in Fig.4.11a and b. In the
follow-up paper, they show the generation of the THz pulses with a peak amplitude of about
300kV cm ™!, achieved by the upsizing of the magnetic trilayer, made from the FM "sandwiched"
between two HM layers with opposite Osgg. In addition, combining THz-emission and THz-TDS
experiments, the THz conductivity and spin-diffusion length A in Pt, W, Cu in pair with the
magnitude and sign of the spin Hall angle fspp were estimated [100, 243, 244).

Furthermore, various groups reported THz emission from stacked STEs [245], address the in-
fluence of the sample annealing on the detected THz waveform [246,247], interface roughness [248],
and temperature dependence on the ISHE conversion efficiency [249]. In addition, one can controll
the THz emission from FM/HM bilayers depending on the sample geometrical orientation [250,251],
and even by changing the type of the sample substrate [242, 243, 252].
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Ultrafast SSE spin current injection

Seifert et al. reported the injection of ultrafast spin current from the FM insulator into HM
via the SSE [253]. They note that the spin current injection is mediated by the thermal non-
equilibrium between the electron and magnon baths in HM and FM insulators, respectively. The
bandwidth of the THz-SSE was then attributed to the electron-phonon coupling speed, the few

hundreds of femtoseconds after the laser excitation.

AHE-driven THz emission

Zhang et al. report that the THz emission can occur via AHE in the FM films with a thick-
ness of less than 20nm [235,254]. In total, they measure the THz emission from four different
FM/MgO(4nm) bilayers on the Quartz substrate. They claim that the charge gradient estab-
lished within the FM is governed by the back-flow charge current, created by non-equal hot-carrier

reflectance at the interfaces:

Je X Oang[r — 2], (4.26)

where r; and ry are the different hot-electron reflection coefficients at the Substrate/FM and
FM/NM interfaces, respectively. For the case when 1 # 32, in the thin FM layer with homogeneous
light-absorption profile, the change in the geometrical orientation of the sample should lead to the
THz polarity reversal. Their model explains the THz polarity flip when STE is excited from the
side of the substrate or MgO layer but does not explain the absence of the sign-reversal in the
thick samples. In addition, they performed an experiment where they vary the Pt concentration
along with the FM layer, which resulted in the amplification of the THz emission or even to the

reversal of the polarity of the emitted THz.

The two-current model proposed by Zhang et.al. does not include the effect of the substrate
(Quartz) and the capping layer (MgO) on the Pt distribution in the FM layer, which may lead
to the accumulation of Pt with a higher concentration close to the given interface or affect the
distance between the scattering centers [255,256]. Such interface-sensitive Pt buffer may amplify
the charge current generation, and introduce the sample asymmetry, which could explain the THz
polarity reversal in the thin samples observed by the authors [235]. In addition, they do not address
the possible existence of the Rashba interface created at the FM /insulator interface [4,257].

IREE-mediated THz emission

As of today, there are couple of papers speaking of an ultrafast spin-to-charge conversion via
the IREE at the Ag/Bi interface [234,258]. The authors demonstrate the importance of the Ag/Bi
stacking order and discuss the possible contribution of ISHE in Bi. Both works stress that they
measure the superposition of the THz emitted via IREE and ISHE. However, the reported efficiency
of the THz emission with the IREE is about 50 times smaller than the one achieved with Pt-based
ISHE emitters.

Importantly, for the Ag/Bi interface where the IREE leads to the THz emission, the phase
of the emitted THz pulse depends on the Ag/Bi layer ordering, which should be equivalent to
changing of the sample geometrical orientation [258]. As seen from Fig.4.12; the detected THz

pulse is the sum or difference of the IREE contributions occurring at the Ag/Bi interface and
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Figure 4.12 — THz emission from the Inverse Rashba Edelstein Effect (IREE) at the Bi/Ag interface.

ISHE contribution from Bi. Later, experimental work of Vetter et al. suggests this orientation-

dependent superposition model of the two possible spin-to-charge conversion mechanisms [257].

Additionally, the Schottky barrier may explain the enhancement of the THz emission at the
FM/Semiconductor interface due to the difference in the FM and semiconductor work func-
tions [257]. This may establish a "stray" electric field, leading to the Rashba splitting at the
FM/semiconductor interface. As a result, they find that the THz generation efficiency heavily

depends on semiconductor doping, opening the way to the IREE emitter optimization.

Demagnetization-driven THz emission (DMG)

Back in 2004, E. Beaurepaire et al. reported the emission of the THz radiation by the ultrafast
demagnetization (DMG) of the Cr(3nm)/Ni(4.2nm)/Cr(7nm) film [259]. They suggested that
the emitted THz electric field, polarized along the y axis and propagating along the z direction, is

proportional to the second time derivative of the ultrafast demagnetization:

Lo 62 M?*

1 gt r/e), (4.27)

EY(t) x
where r is the distance to the magnetic dipole. However, they stress that this is only a phe-

nomenological model, and it is far too simple and does not describe all the mechanisms related to

the ultrafast spin dynamics.

A recent paper of W. Zhang et al. shows that one can access the ultrafast demagnetization
dynamics from the THz emission experiments [260]. Furthermore, they stress the phenomenological

nature of the DMG and conclude that the THz emission from the MgO/Fe(10nm)/MgO comes
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from ultrafast demagnetization in Fe. Importantly, they say that THz emission from single-layer

ferromagnet could have a contribution of the coherent-phonon driven magneto-elastic effect.

From this brief literature overview, we see that there are many reports on different spin-to-
charge (SCC) mechanisms at the ultrafast timescale. Therefore, the dominant mechanism of the
SCC may vary depending on the sample orientation, the choice of FM metal/insulator and/or
the capping layer. As a result, it might not be so straightforward to address and study the SCC
conversion mechanism of interest. Therefore, in the next section, we will to propose a way how to
experimentally identify the different contributions to the ultrafast SCC in CoFeB/MgO magnetic
bilayers. At the end, we will compare the THz emission from the CoFeB/MgO samples and
conventional CoFeB/Pt STEs.

4.3 Experimental results

Sample choice: In this section, we measure the THz emission from the MgO-based spin-
tronic emitters and compare the results to the well-known CoFeB/Pt samples. Here, we are
interested in the efficiencies of the injection-based IREE (CoFeB/MgO), ISHE (CoFeB/Pt), and
bulk (CoFeB) SCC mechanisms at the sub-picosecond timescales. Furthermore, we will try to
identify the different driving mechanisms of the SCC based on the sample experimental geometry,
pump-fluence dependence, and the influence of the pump wavelength on the THz emission. Con-
sequently, we discuss THz emission from four different STEs: CoFeB(5)/Pt(3), CoFeB(20)/Pt(3),
CoFeB(5)/MgO(6) and CoFeB(20)/MgO(6) on the SiO5 and Si substrates, where number in the

parentheses is the thickness of the preceding layer in nm.

We chose the CoFeB layer with an equivalence ratio of Coyg/Feso/Bog due to the highest
reported efficiency of the THz emission [242] in pair with already measured THz conductivity
[100].The capping layers, namely 3nm of Pt and 6 nm of MgO were grown on top of the CoFeB in
the same sputtering chamber. Pt layer was chosen as the "reference' since it is the most efficient
spin-to-charge converting HM, and it is well characterized both in DC and at the picosecond
timescale. As mentioned in the introduction, the deposition of MgO on top of the CoFeB layer
creates the Rashba states inside the FM metal close to CoFeB/MgO interface [4]. All the samples
were grown at the Condensed Matter Physics laboratory of IRAMIS (Saclay Institute for Radiation
and Matter) by J.B. Moussy, A. Solignac, J.Y. Chauleau, and M Viret.

Experimental details: The experiments were performed with the 1 kHz 165 fs amplified laser,
operating at the central wavelength of 800 nm. The output laser beam was split 90/10, where 90%
of the laser power was used to pump the STE, while the remaining 10% used for electrooptic

detection.

STE with the size of 0.5 mm x 0.5 mm was fixed in the sample holder with a hole of ~ 0.45 mm
in diameter. Unfocused pump beam with the ~ 0.48 mm beam diameter at FWHM was incident
normal to the surface of the STE. The THz pulse, emitted along with the pump direction, was
separated with the combination of two two-millimeter thick HDPE sheets followed by the half-
millimeter thick silicon wafer. The THz beam was then focused with one-inch gold, unprotected
off-axis parabolic mirror (OAPM) with a six-inch focal length. The lateral position of the sample
relative to the OAPM remained fixed through the experiment. The emitted THz was recorded with
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a) Experimental configuration, where the pump beam is incident from the side of the SiO; substrate. b)
Detected THz signals, for the + (solid line) and — (dotted line) direction of the applied external
magnetic field H, where the number in parentheses corresponds to the thickness in nm of the preceding
layer. ¢) THz polarization characterization setup. For a fixed direction of the external magnetic field H
THz power is measured as a function of the Wire-Grid polarizer (WG) angle. d) Experimental geometry,
displaying two orthogonal orientations of H. e) CoFeB(5)/Pt(3): THz power measured for the Vertical
and Horizontal orientation of external applied H, with the setup shown in ¢). The polarization of the
emitted THz is always perpendicular to the direction of the applied direction of H. The same behavior is

observed for all samples.

Figure 4.13 — Pt and MgO samples: Terahertz emission - External Magnetic field dependence.

the EOS technique, discussed in the Section 2.4. The probe beam intensity was kept below the
two-photon absorption limit of ZnTe, in pair with the constant optical power seen by the balanced
photodiodes. In our experiment, the direction of the external magnetic field H was controlled
by the pair of magnets introduced into the rotating sample holder, to insure the homogeneous
magnetic field distribution across the sample. The applied magnetic field strength is in the order

of 0.2T, enough to saturate the CoFeB magnetization.
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External magnetic field dependence and polarization of the emitted THz

radiation

As the first experiment, we check the magnetic origin of the THz emission. For this, we install
the samples (CoFeB covered either with Pt or MgO) in the sample holder with the two magnets,
such as the pump beam first hits the substrate, as shown in Fig.4.13a. The emitted THz was then
recorded for two opposite orientations of the external magnetic field £ H, shown in Fig.4.13b (solid
and dotted lines). Figure 4.13b shows that all samples are sensitive to the direction of H, and
180° rotation of H in the xy-plane leads to the complete polarity reversal of the emitted THz.
We should note the slight difference in the emitted THz amplitude (up to 5 %) between waveforms

recorded for + H that can be attributed to the manual rotation of the magnets.

In addition, we have measured the polarization of the THz emitted from the CoFeB(5)/Pt(3)
sample, using the pyroelectric detector and a Wire Grid (WG) polarizer, as shown in Fig.4.13c.
For two orientations of the external magnetic field H (displayed in Fig.4.13d), we find that the
THz polarization is linear and perpendicular to the direction of the external magnetic field (see
Fig.4.13e), in perfect agreement with previously published results [3]. Furthermore, the THz
polarization of the CoFeB(20)/Pt(3) and CoFeB(5 or 20)/MgO(6) bilayer is linear and follows the

same tendency.

Sample geometry-dependent THz emission

Next, we study the THz emission from the CoFeB(Pt or MgO) heterostructures within two
different geometrical sample orientations: we define the Front Face sample orientation when the
pump beam is incident from the side of the substrate, while the excitation from the nonmagnetic
layer will be called the Back Face configuration, with the two displayed in Figure 4.14a. For
the fixed laser pump fluence ®, Figure 4.14b shows Ery, waveform, emitted in the Front Face
(color) and Back Face (grey) experimental configurations. The Front Face signals were normalized
to the peak-to-peak amplitude of the CoFeB(5)/Pt(3) emitter (blue line), with a scaling factor
mentioned above respective signal in Fig.4.14b. First, we observe the additional temporal delay
for the THz emitted in the Back Face related to the emitted THz pulse propagation through
glass. In addition, the broadening of the THz waveform in the Back configuration occurs due
to the frequency-dependent glass THz absorption (see Section 2.4). The same effect was already
observed before [243,261,262]. Nevertheless, we report THz polarity reversal as a function of the
sample orientation (color vs. grey line) for all the samples presented in Figure 4.14b, except for
the CoFeB(20)/MgO(6).

To measure the undistorted THz waveform in the Back Face geometrical orientation, the sam-
ples were grown on the high-resistivity, float-zone silicone (Si) substrate. The pump fluence was
then adjusted to equalize the absorbed density of energy in the CoFeB layer to the Front Face exci-
tation!. All signals were normalized to the peak-to-peak amplitude of the CoFeB(5)/Pt(3) bilayer
in the Front Face orientation. The Figure 4.14¢ shows a complete reversal of the CoFeB(5)/Pt(3)
and CoFeB(20)/Pt(3) THz waveforms upon the sample flip around the y-axis. Such change in the
THz polarity upon the flip of the ISHE emitter has been reported numerous times [242,245,262,263].

1. Calculated with the Transfer Matrix Method. The light absorption profiles are shown in the Appendix C.
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Figure 4.14 — Spintronic emitters: Sample orientation-dependent THz emission.

Remarkably, Figure 4.14c shows the CoFeB thickness dependent behaviour for the MgO-based
bilayers (orange and red lines). Here, the Back and Front Face excitation of the CoFeB(5)/MgO(6)
sample results in the THz polarity reversal (superimposed red and grey lines in Figure 4.14¢). This
change can not be attributed to the influence of the Si substrate, since THz waveforms detected from
the reference CoFeB/Pt emitters behave as expected. Surprisingly, the polarity of the THz emitted
from the CoFeB(20)/MgO(6) bilayer (superimposed orange and grey lines in Figure 4.14¢) does
not change upon the sample flip. Finally, despite the absence of the THz waveform reversal, the
CoFeB(20)/MgO(6) emitter is more than four times more efficient in the Back Face configuration
(see the orange and grey factors in Fig.4.14c). We stress that all scaling factors presented in
the Figures 4.14b and c are given as is, without accounting for the THz glass or photoexcited Si
substrate By, amplitude attenuation factor (see Appendix F). In addition, the substrate pressence

in the path of the THz pulse has no influence on the THz polarity of transmitted THz waveform.



117 CHAPTER 4. ULTRAFAST SPIN-TO-CHARGE CONVERSION

a) 0.06 ——— T T T T T 0,008 J T T T T —
®  Serie 1 : ) Serie 1
~005{ ® Serie 2 ST 0006 7 Serie 2 1
E ® Serie 3, o 7y 0004 ] SRS Serie 3 ]
K . %) 8
. 0.04 4 1 R 1 =
< 1 oL 5
< X L 0,002
o o
Q . g .
S 0.03 : o = 0.000 Hetru Ay
.- .. N
= | . [ YO =
£ 0.02- . - ‘»E u J & -0.002
= o1 -0.004
Lﬂl- 0.01 4 [ ] .,.' 1 .
[ 2 | X | -2
. I CoFeB(5)/MgO(5) 00061 CoFeB(5)/MgO(5) 159 pJxem
0.00 T - T T T T T T T T T T
0 300 600 900 1200 1500 1800 2100 0 1 2 3 4 5
-2
b) @ (uI x cm™) Time (ps)
0.06 T T T T T T T T T T T T
. 0.008 . i
®  Serie 2 : 3 Serie 1
~ 0054 @ Serie 11 i 0.006 '»' s e Serie 2 1
2 1 !
5 1 . 0.0041 y .
. 0.04 1 {2
o D=1
2 : 5 0002
3 0.03- 7] 1E tonl
2 = 0 <"
a ,/mg 1 N
. o]
§ 0024 . = 1 1 & -0.002 4
N ‘ I
& ! 1 -0.004 -
= 0.01 1 : E
! CoFeB(5)/MgO(6) 00067 CoFeB(5)/MgO(6) 159 pJ xem ™2 ]
0.00 T T T T T T T T T T T T
0 300 600 900 1200 1500 1800 2100 0 1 2 3 4 5
O (W x cm?) Time (ps)
c) " S RS ; —
0.10 v - Cr1c A S—
| 7 fA CoFeB(20)/MgO(¢
= | Lol ® 0.006 1 Serie 2 i okeB(20)/Mg0(©)
2 I L [\

5 0.08- 1 Lo 1 . 0004 " | \ " " ,f‘m (('«‘ ;
; 1 ol 2 ALY | ‘ NSRS
el A = PV VA i \ 71 N =
< : o S 0002 [ \V-" \‘VJ W 1
~ 0.061 R {1~ | ]

p .
< 1 A =} \ [
N 0.000 4 Y E
% _: L8 CoFeB(20)/MgO(6): ?_:,N
5 0.041 ,i'.,.-. ®  Serie | T mE -0.002 1 Serie 1 CoFeB(20)/MgO(5)
. , " Serie 2 Serie 2
Eod Lo CoFeB(20)/MgO(5): | 0004
' ,"." " ® Seric | 5
o® 1 ® Serie 2 0006 7 159 /.LJ Xcm
0.00 T L T T T T T T T T T T
0 300 600 900 1200 1500 1800 2100 0 1 2 3 4 5
2
O (W x em™) Time (ps)

The emitted Etu, amplitude - 800 nm pump fluence dependence of the a) CoFeB(5)/MgO(5), b)
CoFeB(5)/MgO(6) and ¢) CoFeB(20)/MgO(5 and 6) samples. Corresponding right figure shows the THz
emitted at 159 pJ cm ™2 for different sets of measurements. Dashed pink line at ® = 650 pJ cm ™2 marks

the threshold of the "high-®" regime. Arrows indicate the direction of the pump fluence increase.

Figure 4.15 — CoFeB/MgO: Laser pump fluence dependence.
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CoFeB/MgO pump fluence dependence

In this subsection, we present the pump fluence dependence of the CoFeB/MgO samples, when
the data for the CoFeB/Pt emitters is presented in the Appendix D. Here, we introduce the
"control" samples CoFeB(5)/MgO(5) and CoFeB(20)/MgO(5), that were grown in the different
batch and behave the same as their CoFeB/MgO(6) counterpart. The direction of the external

magnetic field H and sample orientation (Front Face) was kept fixed through the experiment.

The first experiment was conducted for the "control" CoFeB(5)/MgO(5) bilayer grown on the
glass substrate. All the experiments are performed as independent sets of measurements, denoted
"Series". The Figure 4.15a shows that within Serie 1 measurement, the FEry, amplitude - laser
pump fluence (®) dependence of CoFeB(5)/MgO(5) sample evolves in a highly nonlinear manner.
In addition, from Figure 4.15a we see the presence of a turning point of Ery,-pump ® dependence
at the ®..;; ~ 650nJcm~2 (the dashed pink line). Surprisingly, the Serie 2 and Serie 3 mea-
surements of CoFeB(5)/MgO(5) emitter show clear linear Ety, dependence as the function of ®
(see Fig.4.15a). In addition, the right panel of Fig.4.15a displays the complete change in the THz
waveform and polarity between the Series 1 and Series 2, while the shape of the detected Ery,
between Serie 2 and Serie 3 experiments remains unchanged. This indeed indicates that we have
permanently modified the CoFeB(5)/MgO(5) emitter after it was exposed to ®..;+. For the future
refference, we will denote the "after Serie 1" state of this sample as CoFeB(5)/MgO(5)*.

As the next step, we measured laser pump fluence dependence for the CoFeB(5)/MgO(6) emit-

ter, up to the pump laser fluence ®.,.;; ~ 650 nJ cm™2.

increase in the Ery, amplitude as the function of @, already seen for the Serie 1 CoFeB(5)/MgO(5)

From Fig.4.15b, we report the nonlinear

sample measurement. The panels of Fig.4.15b shows that both Erp,-pump ® dependence and THz
waveform of CoFeB(5)/MgO(6) measured within Serie 1 and Serie 2 experiment remains mostly

unchanged, which confirms the existence of the "threshold" effect above ®..;;.

The last Erp, amplitude-® dependence was measured for the CoFeB(20)/MgO(5) and
CoFeB(20)/MgO(6) samples. Here, only the CoFeB(20)/MgO(5) bilayer was measured above
the threshold ®,,;;, while CoFeB(20)/MgO(6) was studied with ® < 650 nJ cm~2 range. As we
see from the Figure 4.15¢, both CoFeB(20)/MgO(5) and CoFeB(20)/MgO(6) samples show clear
linear Ery, amplitude-pump ® dependence. In addition, the right panel of Figure 4.15¢ (dark
violet and light violet curves) shows no significant change in the polarity and the waveform of
CoFeB(20)/MgO(5), even after ®..;x exposure. The CoFeB(20)/MgO(6) emitter (solid and dash-
dot lines in the left panel of Fig.4.15¢) remains perfectly intact and unchanged between the Serie
1 and Serie 2 experiments. Therefore, we conclude that CoFeB(20)-based samples seem not to be

affected by the high-laser fluence.
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Figure 4.16 — Influence of the pumping wavelength on the THz emission.

Influence of the pump wavelength on the THz emission

As the last experiment, we study the influence of the pump wavelength on the THz emission
from the CoFeB/MgO samples and the reference CoFeB(5)/Pt(3) emitter. For this experiment,
we have set pump fluence to the fixed value of 159 pJem ™2 for two different pump wavelengths
(800 nm and 400 nm). The absorbed optical density of energy was estimated to differ only within
+10 % margin for the two pump wavelengths. The direction of the external magnetic field H and

sample orientation (Front Face) was kept fixed through the experiment.

As the first benchmark, we compare 800 nm (solid line) and 400 nm wavelength (dash-dot line)
excitation of the CoFeB(5)/Pt(3) emitter, shown in the Figure 4.16a. For this ISHE-based STE,
we do not observe a significant change in the shape, spectrum, and amplitude of the emitted Fry,.

This observation is in good agreement with the literature [264,265].

As the next test, the same experiment was conducted for the CoFeB(5)/MgO(6) sample, and
is displayed in the Fig.4.16b. We note drastic change in the detected THz spectrum for this
emitter (see inset of Fig.4.16b) which results in more broadband THz emission, in contrast with
CoFeB(5)/Pt(3). In addition, CoFeB(5)/MgO(6) excited at 400 nm wavelength leads to the com-
plete reversal of THz polarity. We should note, that this behaviour is completely reversible, and

sample is not modified in the process. Furthermore, the same experiment was performed for
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CoFeB(5)/MgO(5)*? and is shown in Figure 4.16c. Interestingly, CoFeB(5)/MgO(5)* does not
seem to be affected by the change of the pump wavelength, similarly to CoFeB(5)/Pt(3).

Finally, the pump wavelength dependence measured for the CoFeB(20)/MgO(6) is shown in
Figd.16d. Again, this sample behaves differently from the CoFeB(5)/MgO(6) bilayer. Figure
4.16d demonstrates that CoFeB(20)/MgO(6) excited at 400nm wavelength does not show the
modification in the polarity and spectral components of emitted THz radiation, but results in the

three-fold increase of the Ery, amplitude.

4.4 Discussion

First off all, we will speak about the "prototypical" ISHE-based emitters, i.e., the conventional
CoFeB(5 and 20)/Pt(3) bilayers. We observe that the THz emission from CoFeB(5 and 20)/Pt(3)
samples is affected by the external magnetic field orientation and is polarized perpendicular to
the direction of external magnetic field H (see Figs.4.13b and e). Next, Figures 4.14b and ¢
demonstrate the THz waveform polarity reversal when bilayer is excited from the side of the
substrate (Front Face) or from the side of the Pt capping layer (Back Face). Finally, we find
that THz emission from CoFeB(5)/Pt(3) is not affected by the change of the pump wavelength, as
seen from Figure 4.16a. All these observations are in perfect agreement with previously published
results [3,242,264,265].

For the novel samples in this study, i.e., CoFeB/MgO bilayers, we find that the polarity of the
emitted THz is sensitive and perpendicular to H (see Fig.4.13e), similarly to CoFeB/Pt emitters.
However, for the geometry, pump fluence ®, and pump wavelength measurements, the CoFeB/MgO
emitters behave differently depending on the CoFeB thickness. For example, Figures 4.14b and ¢
demonstrate that THz polarity reversal between the Back and Front Face bilayer orientation was
observed only for CoFeB(5)/MgO(6), while we report no change for CoFeB(20)/MgO(6) sample.
In addition, the excitation of the CoFeB(5)/MgO(6) emitter at 400 nm, compared to 800 nm pump
wavelength leads to the THz polarity reversal and broadening of the THz spectrum (see 4.16b). The
excitation of the CoFeB(20)/MgO(6) results in the three times more important Evy, amplitudes,

as depicted in Fig.4.16d. No Ery, polarity/spectrum modification was observed for this sample.

At last, pump ® dependence has revealed the highly nonlinear increase in the emitted THz
field amplitudes for the CoFeB(5)/MgO(6) bilayer (see Fig.4.15b), but clear linear dependence
for CoFeB(20)/MgO(6) (Fig.4.15c). Moreover, Figure 4.15a reveals that the power dependence
and Ery, waveform of the "control" CoFeB(5)/MgO(5) sample 3 could be altered when exposed to
pump fluence ® > 650 pJ em 2. In addition, the Ery, emitted from "modified" CoFeB(5)/MgO(5)

sample is no longer sensitive to the change of the pump wavelength, as shown in the Figure 4.16c.

Based on the Section 4.2.5 discussion and Figure 4.10, multiple SCC mechanisms can contribute
to the total detected Ery,, and can be split into two "categories": the one that originates from the
SCC within the bulk of the FM metal (AHE and/or DMG, for example), and another emerging
from the addition of the capping layer like Pt or MgO (ISHE and IREE, respectively). With this
in mind, for two separate systems (CoFeB/Pt and CoFeB/MgO) this concept of combined THz

2. Reminder: star means the sample state after high-® exposure.
3. Which in its pristine condition was equivalent to CoFeB(5)/MgO(6).
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emission can be phenomenologically formulated as:

E%,(CoFeB/MgO) = &coren - B3k + Bugo - ELLE, (4.28)

B, (COFeB/Pt) = Eooren - B + ey - B, |
where £coreB , BMgo and p¢ are the phenomenological coeflicients describing the SCC efficiency
inside the bulk of the CoFeB ({coren), at the Rashba interface (Smg0), and due to the ISHE within
the Pt layer (ypt). €coren is present in both CoFeB/Pt and CoFeB/MgO systems and can originate
from DMG [259,266-268] and/or Anomalous Hall Effect (AHE) [44,269]. One should note that we
neglect the possible existence of the Rashba interface at the CoFeB/Pt interface [239]. With this
phenomenological formulation, we will proceed with the discussion about the sample geometry,
pump fluence ® and wavelength dependence, in order to evaluate the relative bulk and IREE
contributions of CoFeB/MgO-based samples.

External magnetic field dependence: We now address why the direction of the external
magnetic field H affects the polarization of the emitted THz radiation. Following the discussion of
Section 4.2 and Eq.4.25, the direction of the converted transverse charge current (j,) is defined as
the vector product between spin-polarized current flow (j zs) and direction of the FM macroscopic

magnetization (M), defining the polarization of the spin current o as:
Jet) o< Y M(t) x §z (1), (4.29)
i

where the sum over ¢ represents all possible spin-to-charge (SCC) contributions to the transverse
transient charge current j.(¢). From the latter equation, we see that the direction of generated j,
should be sensitive and perpendicular to M. As the sample is subjected to an external magnetic
field H, its macroscopic magnetization M will be aligned parallel to H. Therefore, from the
Eq.4.29 the polarization of the emitted Ery, via SCC must be sensitive to H direction. As shown
in the Figure 4.13b, the rotation of the H by 180° leads to the 180° THz polarity reversal for both
CoFeB/Pt and CoFeB/MgO samples. This confirms the magnetic origin of the THz emission from
CoFeB/MgO bilayers.

The following discussion will be split into two parts: first, we address the difference in the THz
emission behavior from CoFeB(5)/MgO(6) and CoFeB(20)/MgO(6) emitters in the low-fluence
regime, and in the second part we focus on the consequences of the permanent CoFeB(5)/MgO(5)

sample modification.

Low-fluence regime (pristine samples):

This subsection deals only with the unchanged samples, i.e., that were not exposed to laser
2

fluence above ®.,.;; ~ 650 pJ cm™=.

Sample geometry dependence: As the first step, we address the possible origin of the THz
polarity reversal due to the different sample geometry. Since the IREE, as ISHE, is an injection-
based SCC mechanism, the polarity of the emitted THz should depend on the jis direction in

respect to the Rashba interface. Consequently, the sample rotation around the y-axis will change
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the direction of 57 , (47, — j.:, see Fig.4.14a) and, according to Eq.4.29 it will lead to the polarity
reversal of the emitted THz field. This effect is well known for the ISHE-based emitters [242,270],
and an identical experiment conducted by Vetter et al. [257] (Front and Back Face pumping) on
the n-GaN/NiFe bilayers IREE-based emitters. As seen from the Figure 4.14b and c, for the
CoFeB(5)/MgO(6) STE we observe the complete E1y, polarity reversal between the Front Face
and Back Face sample orientations (see red and grey curves). Hence, as a first element of conclusion,
we can attribute the observed THz polarity reversal in CoFeB(5)/MgO(6) to the presence of the
injection-based IREE SCC mechanism.

Now we discuss the symmetry of the bulk SCC contribution to the emitted THz. From the liter-
ature, it is well known that the efficiency of the injection-based ISHE emitters scales inversely with
the FM layer thickness [245,246,251]. Moreover, for the Co films, Huang et al. demonstrated that
the bulk SCC contribution increases with the FM layer thickness (i.e., £co(30 nm) > &co(snm)) to the
point that the THz amplitudes detected from 30 nm Co are not affected by the deposition of the HM
Tantalum (£co(30 nm) > YTa) [268]. The combination of these reports indicates that with an increase
of the FM layer thickness, one should simultaneously increase the bulk contribution (£cores), while
decreasing the injection-based SCC contribution (yp; and fago) to the total emitted E43;,. This
peculiar effect is usually attributed to the short hot-electron spin diffusion length in the CoFeB (in
the order of couple of nm) [242,251]. Since the THz emission from the bulk contribution (AHE,
DMG, or combination of both) should be governed by the spin-polarized current flow inside the
FM layer, its direction should not be altered upon the sample flip. As a result, the absence of the
Ery, polarity reversal between Back and Front Face configurations should be a strong indication
of the bulk-dominant SCC. Indeed, as shown in the Figure 4.14 (orange vs grey curves), we observe
the absence of the Ery, polarity reversal between Back and Front Face configurations for the thick
CoFeB(20)/MgO(6) sample. This means that the THz emission from CoFeB(20)/MgO(6) emitter
is mainly governed by the bulk SCC (i.e. {coreB(20) > Pmgo). It is worth to note that this argu-
ment does not hold when comparing CoFeB(5)/Pt(3) and CoFeB(20)/Pt(3) since Ecoren <K VP,
even for 20nm thick CoFeB [251].

Laser pump fluence dependence: Let us now address the pump fluence ®-FEry, ampli-
tude dependence. From the CoFeB(5)/MgO(6) measurement, shown in Figure 4.15b, we see the
clear nonlinear increase in the emitted THz field amplitudes as a function of ®. This could be
explained by the competition of bulk {corep and IREE Sygo SCC mechanisms (see Eq.4.28) hav-
ing opposite signs, and possibly different SCC pump fluence efficiencies. At the same time, for
the CoFeB(20)/MgO(6) emitter, we measure linear Ery,(®) dependence. Such linear behaviour,
previously reported for the bare Co films [268] again confirms our suggestion that the THz emis-
sion from CoFeB(20)/MgO(6) is dominated by the SCC in the bulk of the CoFeB layer (i.e.,
§coreB(20) > Bmgo). We do not expect the nonlinear behaviour from the bulk contribution since
the pump-fluence dependent magnitude of the ultrafast demagnetization in the thin ferromagnetic
layers is known to be linear for the fluence below 4 mJcem™2 [271-273]. Regardless, time-resolved

magneto-optical measurements for the set of CoFeB bilayers are to be measured in the future.

Laser pump wavelength dependence: From the Figure 4.16a we see that the change of the
pump wavelength from 800 nm to 400 nm has no effect on the ISHE-based CoFeB(5)/Pt(3) emitter,
as expected from the literature [264,265]. The pump wavelength-independent THz emission from
CoFeB(5)/Pt(3) can be attributed to the fact that spin-dependent electron deflection and scatter-
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a) Sketch of the excitation with 800 nm and 400 nm pump wavelength. Supposedly, for the same amount
of photoexcited carriers, the energy distribution of spin-polarized charge current will be higher for 400 nm
pump. b) Since Inverse Spin-Hall efficiency in the heavy metal is mainly defined by the Spin-Hall angle
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may result in different spin-to-charge conversion efficiency or even change in the direction of the

generated charge current j.. Please note the change of axes between a), b) and c).

Figure 4.17 — Sketch of the pump-wavelength dependent excitation: ISHE vs IREE.

ing, governed by the spin-Hall angle (fsmr) depends solely on the hot electron velocities in heavy
metal, which are only marginally modified by the change of the electron temperature above the
Fermi level [274,275]. This makes the ISHE-based emitters robust at all wavelength, as sketched
in the Figure 4.17b. Furthermore, multiple reports mention that the demagnetization dynamics
of ferromagnets at the sub-picosecond time scale should not depend on the pump wavelength, i.e.
we assume that the ultrafast quenching of the magnetization AM should be constant for the same
density of the absorbed energy [274-276].

On the other hand, theory predicts that the Rashba-splitting coefficient az, which defines the
efficiency and sign of the IREE-based SCC, should depend on the electron energy distribution
injected into the Rashba bands [4,277,278]. Hence, the IREE should be sensitive to the change
of the pump laser wavelength creating different hot-carrier distribution (see Eq.4.15 and sketch in
Fig.4.17c). With this in mind, we can establish the modified version of Eq.4.28, for both MgO and

Pt-based samples as:

E%%, (CoFeB/MgO) = £coren - ERE + Bugo (hwp) - ELEEE, (4.30)

Ei54, (CoFeB/Pt) = Ecoren - EYE + py - EAHIE, '
where we introduce the pump photon energy dependence fiw,, of the IREE coeflicient Sygo. Indeed,
for the 800 nm and 400 nm excitation of the CoFeB(5)/MgO(6) sample, Figure 4.16b shows the
significant change in both the spectrum and polarity of the emitted THz pulse, which is a clear
indication of IREE-based THz emission. One should note, that this interpretation is purely based

on the measured change in the polarity and spectrum of the emitted ETp,, and we have no
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Figure 4.18 — Light absorption profiles: in the CoFeB(5)/MgO(6) and CoFeB(20)/MgO(6) bilayers, in

Front Face configuration on the Glass substrate, for 800 and 400 nm pump wavelengths.

information about the electronic structure of the Rashba bands at the CoFeB/MgO interface.
Moreover, multiple Rashba bands may simultaneously participate in the SCC, and laser light
absorption may lead to electron-hole creation, furthermore modifying the ultrafast dynamics and
efficiency of IREE-based THz emitter.

From the previous discussion, we concluded that the THz emission from CoFeB(20)/MgO(6)
is mainly mediated by the bulk contribution (SCOFCB(QO) > pmgo). However, for the same amount
of the absorbed density of energy Figure 4.16d demonstrates no change in the THz polarity, but
a three-fold increase in the Ery, amplitude when the sample is excited at 400 nm compared to
800nm. We propose to explain this observation with the instantaneous hot-carrier flux/gradient
inside the CoFeB, which should be important for the bulk spin-to-charge conversion, especially in
thick single-layer FM films [259, 268]. Figure 4.18 shows the light absorption gradient calculated
for both CoFeB(20)/MgO(6) (orange) and CoFeB(5)/MgO(6) (red) samples using the Transfer
Matrix method 4. The position 0 indicates the initial point of the laser impact. The average profile

of the light absorption VA, was then estimated using the following equation:

Aabs (O) - Aabs (d)

A, = , 4.31
v . (431)

where Aaps(0) and Aaps(d) are the fractions of the absorbed optical power at the beginning (z = 0)
and the end of the FM layer (z = d). Importantly, for the CoFeB(20)/MgO(6) bilayer, the absorbed
density of energy between 400 nm and 800 nm differs only by less than 10 %, while the VA, has
increased by the factor of 2.5. In this case, the three times increase in the Ery, observed for
400 nm excitation (see Fig.4.16d) may be directly linked to the 2.5 times more important light
absorption gradient (see Fig.4.18) in the CoFeB layer. Even though such explanation does not
contradict previous hypothesis of the bulk-dominant ultrafast SCC, it is yet to be confirmed with

single-layer FM STEs with various thicknesses.

4. See Appendix C for more details.
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Left: Sketch of the injection-based IREE spin-to-charge conversion in the CoFeB/MgO emitters. Right:
The relative amplitudes of the Inverse Rashba Edelstein (IREE) and bulk contributions to the THz
emission from the CoFeB/MgO bilayers, estimated with Eq.4.32. Factors are the ratios between the
peak-to-peak values of Erw, emitted from CoFeB(5)/Pt(3) and given contribution.

Figure 4.19 — Sketch of the relative amplitudes of the IREE and bulk contributions to the emitted THz
from CoFeB/MgO bilayers.

Estimate of the bulk and IREE contributions: As the final step, we will make an attempt
to evaluate the relative amplitudes of the IREE and bulk contributions to SCC from CoFeB/MgO
emitters. To do so, we start with an estimate of the decrease in injection-based (ISHE, IREE) SCC
related to the increase of the CoFeB thickness. From Fig.4.14b and c, we see that for the constant
thickness of the Pt layer, the THz emission from the CoFeB(20)/Pt(3) bilayer is reduced by the
factor of five when compared to CoFeB(5)/Pt(3) emitter (blue vs. green ratios). Such decrease in
the total emitted THz can be attributed to the short spin-diffusion length in CoFeB [242,251] and
possible Fabry—Pérot cavity effect, that may enhance the THz emission due to the multiple pump
and THz reflections at the CoFeB/Pt and substrate/CoFeB interfaces [242]. In this case, since
Ypt > EcoreB, We can assign this five-fold decrease in THz emission to the reduced amount of the
spin current injected in the HM Pt layer and diminished Fabry—Pérot for the thick CoFeB(20)/Pt(3)
sample [251].

We then can use this factor to estimate the relative amplitudes of competing bulk and IREE
contributions inside the CoFeB/MgO bilayers. Since the IREE-based conversion happens close to
the CoFeB/MgO interface [4], we can assume the same five-fold decrease in IREE contribution
for the CoFeB(20)/MgO(6) as was observed in CoFeB(20)/Pt(3). However, for the CoFeB/MgO
emitters we cannot neglect bulk contribution so we have to account for the change in the light
gradient absorption VA, between CoFeB(20)/MgO(6) and CoFeB(5)/MgO(6) bilayers. From Fig-
ure 4.18a, for 800 nm pump wavelength we have calculated the factor of 0.37/0.08 = 4.625, which
reflects non-equal gradient of the light absorption in 5 and 20nm of CoFeB. This 4.625 factor
should correspond to the increase in the bulk contribution of CoFeB(20)/MgO(6) compared to
CoFeB(5)/MgO(6), meaning {ooren(20) & 4.625 - coren(s). With this, the observed difference in
the emitted THz amplitudes and polarities (see red and orange ratios from the Figure 4.14c) can

be used to write the following linear system of equations (with arbitrary units, i.e., one can extract
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H Sample geometry | Pump wavelength

CoFeB(5)/Pt(3) Sensitive Not sensitive
CoFeB(20)/Pt(3) Sensitive Not sensitive
CoFeB(5)/MgO(6) Sensitive Sensitive
CoFeB(20)/MgO(6) Not sensitive Sensitive
ISHE Sensitive Not sensitive
IREE Sensitive Sensitive
CoFeB bulk interconversion Not sensitive Not sensitive

Table 4.1 — ISHE, Bulk, and IREE spin-to-charge conversion mechanisms sensitivity to the sample

geometry and pump wavelength.

only relative variations):

CoFeB(5)/MgO(6) = — hwp) = ==
oFeB(5)/MgO(6) = —{coren(s) + Augo (hwp) = 173 1 (4.32)
CoFeB(20)/MgO(6) = —4.625 - {core(s) + 0.2 - Bugo (hwy) = 170

Here, the minus sign corresponds to the opposite THz polarity of the bulk-dominant
CoFeB(20)/MgO(6) sample compared to the CoFeB(5)/MgO(6) bilayer (see Fig.4.14c). Thus,
solving this system of equations gives us the factors of roughly 96 and 580 for IREE and bulk
SCC contributions, respectively. These factors, shown in Figure 4.19, correspond to the ratio
between the peak-to-peak amplitude of the THz emitted from the refference CoFeB(5)/Pt(3) and
the relative contribution to the THz measured from CoFeB/MgO bilayers. Please note that such
rather "rough" subtraction can be performed only for the same experimental configuration, and it
does not take into account any additional CoFeB thickness-related effects, apart from the change
in VA,.

Low-fluence regime summary: As a result of the previous subsection discussion, we
find that the ultrafast IREE-driven THz emission from the CoFeB(5)/MgO(6) bilayers is roughly
96 times less efficient compared to the reference ISHE-based CoFeB(5)/Pt(3) emitter. These
results are in stark contrast with the nearly-equivalent conversion efficiency of the quasi-DC FMR
experiments [4], which again stresses the importance of the carriers energy distribution for the
IREE mediated spin-to-charge conversion. In fact, the band structure-dependent IREE mechanism
can be detrimental for the efficiency of the ultrafast spin-to-charge conversion, since most Rashba
interfaces favor the conversion close to the Fermi level [4,279,280]. Therefore, one can expect
a reduced efficiency from the hot electrons, mainly responsible for the ultrafast superdiffusive
spin current transport. Within the 5nm thick layer with a nearly homogeneous gradient of the
light absorption, the energy distribution of the injected electrons carrying angular momentum
is indeed highly nonlinear and band structure-dependent, and can be relatively broad and even
structured [237,281]. Hot-electron distribution was reported to spread up to about 1.5€V from
the Fermi level in the early stage of the optical excitation, with a typical center weight around
0.2 eV for thermalized carriers at relevant timescales [281]. In addition, several Rashba bands could
simultaneously participate in the spin-to-charge conversion (as sketched in the Figure 4.17¢), which

may result in decreased efficiencies.
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To conclude this part of the discussion, we present the Table 4.1, where we compare the sensitiv-
ity of the ISHE, bulk, and IREE conversion mechanisms on the sample geometrical orientation and
pump wavelength. Therefore, we deduce that the THz emission from CoFeB(5)/MgO(6) bilayer is
mainly mediated by the IREE mechanism. In contrast, the THz generation in CoFeB(20)/MgO(6)
emitter mainly occurs via spin-charge conversion in the bulk of the CoFeB layer, and wavelength
sensitivity is explained by more important FM light absorption gradient at 400nm. The addi-
tional data on the CoFeB/Pt samples and power-dependence measurement for CoFeB/Pt and

CoFeB/MgO on the Si substrate are presented in Appendix D and Appendix F, respectively.

High-fluence regime:

In this last subsection, we demonstrate that the delicate Rashba-split bands in CoFeB(5)/MgO(5)
emitter could be modified or even destroyed at high laser fluence, leading to bulk-like THz emis-
sion. Here, we address the modification of the "test" CoFeB(5)/MgO(5) sample, when exposed
to ® > 650pJecm~2. As shown in Figure 4.15a, the pristine (Serie 1) CoFeB(5)/MgO(5) bi-
layer emits a similar waveform and has nonlinear pump-fluence dependence in ® < 650 1.J cm ™2
range, just as CoFeB(5)/MgO(6). However, when the CoFeB(5)/MgO(5) sample was exposed to
® > 650 nJ cm™2, we observed the "threshold" effect, which resulted in a drastic change in both
THz waveform and Ery,(®) dependence (see Figs 4.15a, Serie 2 and Serie 3). Furthermore, the
measured linear Ery,(®) dependence for Serie 2 and Serie 3 measurements (see Fig.4.15a) suggests

the irreversible sample modification.

We now compare the Epy, waveform emitted from CoFeB(5)/MgO(5) (black solid) and
CoFeB(5)/MgO(5)* (black dash-dot), shown in the Figure 4.15a. For the convenience, the same
data is displayed in the Figure 4.20b, and complemented with THz transients recorded for the
Back and Front Face sample geometrical orientations. From the Figure 4.20b we see that the THz
emission from CoFeB(5)/MgO(5)* bilayer is somewhat symmetric, as in the case of bulk-dominant
CoFeB(20)/MgO(6) emitter. Moreover, as shown in the Figure 4.16¢, CoFeB(5)/MgO(5)* sample
800nm or 400 nm wavelength excitation shows no significant effect on the Ery, amplitude and
spectrum. This, compared to the reference ISHE-based emitter (CoFeB(5)/Pt(3), see Fig.4.16a)
and bulk-dominant STE (CoFeB(20)/MgO(6), Fig.4.16d), strongly suggests the "disappearance"
of the Rashba states, with preserved bulk contribution, such as {corep(s) > Bmgo- Since this

irreversible modification happened to the same sample, we could re-write the Eq.4.28 as.

Bi51,(CoFeB(5)/MgO(5)) = Ecoren(s) - Bty + Bugo - B4y s (4.33)
B, (CoFeB(5)/MgO(5)*) = Ecoren(s)* - Bty -
Of course, the latter equation is valid under the assumption that Rashba bands do not affect the
SCC within the CoFeB layer, i.e. {coreB(5)* = {coFeB(s)- In this case, the difference between the
THz transients emitted by the CoFeB(5)/MgO(5) and CoFeB(5)/MgO(5)* should give us only
the IREE contribution, shown as the red line in Figure 4.20c. For the CoFeB(5)/MgO(5) bilayer,
we estimate the 1:2.75 ratio between the bulk and IREE contribution. This is a relatively good
agreement with the estimation of IREE-to-bulk ratio of 1:6 made at the end of the low-fluence
section. The factor of two difference between the low-fluence and high-fluence regime is most likely

related to the fact that we used CoFeB/Pt to approximate the decrease in IREE contribution
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Figure 4.20 — CoFeB(5)/MgO(5): Sample orientation-dependent THz emission.

for the CoFeB(20)/MgO(6) sample. Of course, at this moment, we can completely rely on the
latter guesstimate of the relative amplitudes of IREE and bulk contributions using the permanent
"modification’ of the CoFeB(5)/MgO(5)* bilayer, since the absence of the Rashba states in the
CoFeB(5)/MgO(5)* needs to be confirmed with ARPES or XPS measurements, if possible.

4.5 Conclusions and perspectives

In this chapter, we have discussed the THz emission as a result of the ultrafast spin-to-
charge conversion from CoFeB/Pt and CoFeB/MgO magnetic bilayers. While CoFeB/Pt samples
were chosen as the most characterized and best-performing bilayers to date, the choice of the
CoFeB/MgO structures was stimulated by the recent discovery of the Rashba states created by
the deposition of insulating MgO nanofilm on top of the ferromagnetic CoFeB layer. We show that
by analyzing the effect of the sample geometrical orientation, laser pump fluence and wavelength

dependence on the polarity and the shape of the emitted THz, one can identify the dominant spin-
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to-charge conversion mechanism. On the first hand, we find that our measurements of CoFeB/Pt
emitters are in the perfect agreement with the literature. On the other hand, we observed the
strong thickness dependence of THz emission from the CoFeB/MgO bilayers, which we attribute
to the combination of the spin-to-charge conversion in the bulk of the CoFeB ferromagnet and at
the CoFeB/MgO Rashba interface. For the CoFeB(20 nm)/MgO(6 nm) sample, it appears that the
bulk contribution is the dominant spin-to-charge conversion mechanism. In particular, we report
that the sample reversal does not affect the polarity of the emitted THz, as expected from the
spin-to-charge conversion inside the bulk of CoFeB layer. This claim is supported by the linear
FEry, amplitude - pump fluence dependence, previously reported for the thick single-layer ferro-
magnetic films [268]. In contrast, in the CoFeB(5)/MgO(6) emitter we find that Inverse Rashba
Edelstein effect contributes the most to the total detected ETg,, despite the presence of the bulk
spin-to-charge conversion. This conclusion is supported by the sample-geometry dependent THz
emission characteristic to the injection-based THz emitters, and highly-nonlinear emitted THz
field amplitude - pump fluence dependence that indicates the competition of the bulk and Rashba

contributions.

Consequently, we have estimated the 1:6 ratio between the amplitudes of the emitted THz
fields driven by the bulk and Inverse Rashba Edelstein conversion in CoFeB(5)/MgO(6) emitter.
This estimation makes the ultrafast Inverse Rashba Edelstein conversion in CoFeB(5)/MgO(6)
nearly 100 less efficient than the Inverse Spin Hall effect in CoFeB(5)/Pt(3). At the same time,
the Inverse Spin Hall and Inverse Rashba Edelstein effects are found to be equivalently efficient
for the thermalized spin-polarized carriers [4]. Such difference in the Inverse Rashba Edelstein
and Inverse spin Hall conversion rates at the ultrafast and quasi-DC timescales may indicate the
reduced Rashba conversion efficiency when dealing with non-thermal distribution of injected spin-
polarized carriers, since most Rashba bands favor spin-to-charge conversion close to the Fermi
level [4,279,280]. Moreover, we evidenced pump wavelength sensitivity of the Inverse-Rashba
Edelstein CoFeB/MgO emitters. While for CoFeB(20)/MgO(6) bilayer such change might be
attributed to the more important light absorption gradient inside the CoFeB layer, the difference
in THz emission (polarity of the emitted THz field, spectrum) observed for CoFeB(5)/MgO(6)
sample is directly related to the spin-to-charge conversion at the Rashba interface. To the best of
our knowledge, this finding was never mentioned in the literature before. Finally, we show that at
the high laser pump fluence (higher than 650 1J cm~2) one may permanently modify or damage

the delicate Rashba interface, which leads to the purely bulk spin-to-charge conversion.

As the future prospects, one can imagine tuning the Rashba bands to favor the conversion at
high carrier-energies. This may result in a highly efficient, wavelength-sensitive spintronic device,
allowing for an easy tunability of the generated THz waveform amplitude and spectrum. In ad-
dition, the estimation of the electrooptic response function, which includes the spatio-temporal
transformation of the emitted THz pulse may allow us to access the shape of the transient charge
current generated in the bulk of the CoFeB and at the Rashba interface. This information, comple-
mented with a future in-lab time-resolved magneto-optical Kerr effect setup will certainly facilitate

the first-principle calculations, anticipated in the near future.
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(General conclusion

In this thesis, we study how terahertz (THz) radiation could be used to excite or probe the
ultrafast dynamics of electron, phonon, and spin in solids and nanostructures. In particular, we
address the generation of coherent phonons in metals such as Chromium (Cr) and Aluminum (Al)
and narrow-band topological insulator Bismuth Telluride (BizTes) with picosecond THz pulses.
In addition, we demonstrate how the specific aspects of the THz emission from optically-excited
CoFeB/Pt and CoFeB/MgO magnetic nanostructures may provide insights into the relevant ultra-

fast spin-to-charge interconversion mechanisms.

The experiments in this manuscript were done using the ultrafast nonlinear spectroscopy in
the pump-probe geometry with 1kHz 800 nm 3 mJ amplified laser. For the ultrafast excitation of
Cr, Al, and BisTes films, we have used the tilted-pulse front method for Lithium Niobate crystal
(LiNbO3) to generate the THz pulses with a peak electric field of about 275kV em ™! with a central
frequency of 0.64 THz, that corresponds to a 1.211J pulse energy. In the experimental section, we
show how birefringent x—cut Quartz crystal could be used to shape the THz pulse, we calculate
the electro-optic response function for the GaP and ZnTe electro-optic crystals and discuss the
technique of THz time-domain spectroscopy sensitivity enhancement used for the detection of the
weak THz fields in the Chapter 4.

As a first achievement of this thesis, we show that one can generate coherent phonons with
pulsed THz radiation in the thin films of metals and narrow-band semiconductors. First, we
discussed the THz excitation of 14nm thick Cr and 20nm thick Al films, and compared it to
well-known 800 nm pump excitation. We find that the general shape of the time-dependent change
in the 400 nm probe beam transmittance is similar for the THz and near-IR (NIR) excitation. We
detect the thin metallic film first harmonic acoustic breathing mode for the NIR and THz pump
excitation. Finally, comparing the electron (deformation potential) and lattice (thermoelastic)
contributions to the total photoinduced stress for both types of excitation allowed us to identify
thermoelastic stress as the main driving mechanism of acoustic phonon generation with THz. We
conclude that the lattice heating is linked to the scattering of the accelerated electrons at the Fermi

level, which leads to an ultrafast analogy of the well-known Joule effect.

The second achievement of this work is the investigation of the coherent optical phonon gener-
ation in BigTes 16 nm thin film with THz. We demonstrate that 1.3 ps THz pulse with the central
frequency of 0.64 THz is able to excite symmetric A}g 1.85THz Raman active phonon. We show
that the Al 4 Phonon amplitude increases quadratically with the THz field amplitude, indicating

the second-order nonlinear process required to excite such coherent motion. We find as well that
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A%g phonon amplitude does not depend on the THz pump polarization and is sensitive to the
change of the central frequency of the THz pulse. We then compared the experimental findings
with recently proposed THz ionic Raman scattering and THz sum-frequency excitation models of
Raman phonon excitation. At this moment, we can only qualitatively compare the phase of exper-
imentally measured A} , bhonon with these two models and not the amplitude. Therefore, the first
principle calculations under progress should shed new light on these observed mechanisms. Among
other opened questions, preliminary anisotropic detection revealed the presence of an antisymmet-
ric E§ 3.1 THz Raman active phonon, which will enrich the discussion about the highly-nonlinear

coherent lattice mode control with THz in this correlated material.

In the last part of this thesis, we investigate the THz emission from the magnetic bilayers as
the signature of the spin-to-charge conversion. We show that the THz emission from CoFeB/MgO
heterostructures may result from the combination of the spin-charge interconversion in the bulk of
the CoFeB ferromagnet and at the Rashba interface created by the deposition of the MgO on top
of the ferromagnetic layer. Furthermore, we illustrate that by probing the sample sensitivity to the
given experimental factor, such as pump wavelength and geometrical orientation, one can determine
the dominant spin-to-charge conversion mechanism in the CoFeB/MgO bilayer. In addition, we
show that the Rashba-dominant CoFeB(5nm/MgO(6nm) emitter is sensitive to the pump pulse
wavelength, which leads to complete change in the phase and spectrum of the emitted THz. This
finding could be beneficial for the tunability and improved efficiency of the Rashba-based devices.

In the future, we will try to address acoustic phonon generation with pulsed THz radiation
in nanoparticles and multiferroic materials from these perspectives. In addition, we are planning
to study the THz emission from the bare ferromagnetic Cobalt and Cobalt/MgO films, which
may allow us to properly isolate the bulk and Rashba contributions to the ultrafast spin-to-charge
conversion. Finally, the control over the pump pulse duration may allow probing the characteristic
bandwidth of the spin-to-charge conversion, which is believed to be inversely proportional to the
temporal bandwidth of the excitation pulse. To conclude, we show that THz radiation can be
used to trigger and probe the rich interaction between multiple degrees of freedom in a condensed
matter. However, further developments and research are needed to selectively excite and control
electronic and magnetic properties of the solid-state, essential for the upcoming high-performance

and low-energy consumption electronics that today industries and end-users are waiting for.



Appendix A

Pyroelectric characterization of
the LNO THz source:

Pyroelectric detector sensitivity curve: For the alignment and THz-beam profiling, we
have used the calibrated Microtech pyroelectric detector based on the LiTa03 electrooptic crystal.
It has a 0.02 THz - 1.5 THz spectral range and is equipped with a black filter on the detector
input to prevent parasitic illumination in visible and infrared regions. The Figure A.1 shows the

detector responsivity plots provided by the manufacturer.
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vs. Modulation Frequency measured at 150 GHz signal frequency. Data is extracted from Microtech
datasheet (link)

Figure A.1 — Microtech LiTa0s pyroelectric detector responsitivity curves.

Polarization of the LiNbOj3; source: To measure the polarization state of the MgO:
LiNbOs THz source, we have used a pair of free-standing Wire Grid (WG) polarizers (G30x10-S
model number) from Microtech Instruments. They are made of Ta wires with 10 pm diameter and
30pnm spacing between the wires and have 88 mm clear aperture diameter, ~3 bigger than the
uncollimated THz beam. The THz-power - WG polarizer angular dependence displayed in Fig.A.2
shows the expected linear polarization of the MgO: LiNbO3 THz source.

133


http://52ebad10ee97eea25d5e-d7d40819259e7d3022d9ad53e3694148.r84.cf3.rackcdn.com/UK_Z22-Microtech_Pyroelectric-Detector_DS.pdf

134 APPENDIX A. PYROELECTRIC CHARACTERIZATION OF THE LNO THZ SOURCE:

T T T T T T b) T T T T T T
)250 | B WireGrid]l 5 250 One Wl_rc Gn_d
= Wire Grid 2 —— Two Wire Grids
cos’ fit
200 4 200
> >
g g
5 150 o 1 B 1504
2 2
5] 5]
e =%
= 100 4 =100
= =
50 4 50
MgO:LNO Source
Polarization
0 T T T T T T 0 T T T T T T
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Polarizer Angle (degrees) Polarizer Angle (degrees)

a) THz power transmission measured in the function of the single Wire Grid (WQG) polarizer angle 6. b)
THz power transmission measured for the single (black line) and two (red line) Wire Grid (WG) polariz-

ers in the THz beam path in the function of the first WG polarizer angle 6.

Figure A.2 — Wire Grid polarizer characterization with the LiNbOs THz source.

LiNbO3; beam size measurement: We measured the size of the THz beam with THz
pyrocam 12§ Vision (FigA.3a), and via the knife-edge method (FigA.3b), at the sample position.
The i2S microbolometer ! is optimized for the radiation in 1-3 THz range, has 320x240 matrix with
50 pm pixel size. Both measurements resulted in a similar estimation of the horizontal THz beam
waist at 1/e? of ~ 0.72mm (roughly 615 m at FWHM).
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Measurement with a) THz pyrocam i2S Vision, and b) the pyroelectric detector using knife-edge
method.

Figure A.3 — LiNbOs THz beam size measurement.

Peculiar effects of the WG polarizer: Finally, we address the THz-pulse distortions
caused by the WG polarizer. From the manufacturer website 2, we should expect roughly 4 times
less transmission at 0.5 THz compared to 1 THz frequency in Ery, || wires configuration. This

may result in an unintentional THz pulse distortion close to zero THz transmission configuration

(B, || wires).

1. i2S vision data-sheet can be downloaded here: link.
2. WG polarizer data-sheet can be downloaded here: link.


https://www.optonlaser.com/produit/camera-thz-i2s/Camera-THz.pdf
https://mtinstruments.com/MicroTech_Resources/Polarizer-Datasheet.pdf
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Figure A.4 — Peculiar effects of the WG polarizer.

To investigate the WG frequency-dependent THz transmission, we have introduced the WG
polarizer and analyzer in the THz beam path, as shown in the inset of Fig.A.4a. We then measured
the THz waveform with 200 pm thick GaP crystal, as the function of the WG polarizer angle 3.
As seen from blue and red curves in Figure A.4a and b, THz gets highly distorted close to Er, ||
WG wires configuration. In the Chapter 3 the lowest THz power was higher than 25 mV pk-pk,
for which the THz pulse distortions are negligible (see A.4b).

3. See Figure A.2 for WG Polarizer - THz power correspondence.
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Appendix B

Cr and BisTe; THz-spectrum

dependent residuals
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a) Transient optical transmission obtained with a THz excitation for a thin Cr film. Dash-dot lines
correspond to the |Etu,|? (red) and Waps (blue). b) Same as a), but in the Fourier space. Data was

normalized to overlap in the 1-2 THz range.

Figure B.1 — Short time delays: Transient response of a thin Cr film and THz pulses vs absorbed THz

power.

From the main text, we concluded that the "sideband" observed close to the natural frequency of
the Al 4 coherent phonon mode could be attributed to the "electronic" background of the signal, and
is not related to excitation of a coherent phonon. To support this claim we present here the short
time scale signal of 14 nm Chromium film discussed in the first part of a Chapter 3. We remind that
Chromium does not have optical phonon, so we should not expect any additional high-frequency
contributions to the time-delay zero signal. The 6T /T signal reveals the "double bump" around
the time delay zero, shown as the black line in Figure B.1a. In addition, the approximate shape
of the W%ﬁj’ (calculated with Eq.3.19) overlaps nicely with the 67/T signal around time delay
zero (see blue line in Figure B.1a). Finally, Figure B.1b shows that difference and sum frequency
components of the Ety, are present in the FFT of Chromium §7/T (black), WS (blue dash-dot)
and B2, (red dash-dot). This effect could be attributed to the THz-induced optical birefringence
observed in liquids [178], transparent media [123] and metals [282].
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Figure B.2 — Bix Tes: Eaxtraction of the residual part of the signal.

Now we move to the signals measured for the BisTes sample. We remind, that the optical
phonon part of the signal was extracted only with a simple error-function fit, hence all nonlinear
contributions apart difference frequency of the pump Eryy, field should be still present in the signal.
The idea is to compare the measured modulation of the 67/T at the short time delays (< 1.5ps)
to the sum-frequency component of the reconstructed Ery, waveform, described in the Section
2.5.

In order to isolate the residual signal of interest, we remove the A%g phonon mode from the

0T /T |optic, shown in Fig.B.2a, by fitting it with a simple damped cosine function:

f(r) = (1 + erfED - Gph - COS[QpnT + @ph) - €xp {—T;] , (B.1)

where apy, is the amplitude of the Aj, optical phonons, Qp, is the frequency of the A}, mode, fixed
to 1.85 THz, ¢pp is the phonon phase and 7y, is the A%g mode damping time, set to 3.5 ps +£3 %.
The s parameter was set to the same value we have fitted the "raw" signal §7/T. The best fits
obtained for the set of the measured signals are displayed as the red dashed lines in the Fig.B.2a.

Then, with the following subtraction, we can isolate the residual signal as:
5T/T|residual(7-) = 6T/T|optic(7—) - f(T) (BQ)

The residual signals for all measured WG Analyzer angles are shown in the Fig.B.2b. We observe
the increase in the modulation frequency of the residuals plot when we increase the WG Analyzer

angle, which should normally correspond to the increase of the Erp, central frequency Qg/2.
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Figure B.3 — Bix Tes: Residual part of the signal vs SHG the THz pulse.

As the next step, we will calculate the sum-frequency component of the Ery,, i.e., Engz|SF-

In the Fourier space, the square of the pump field E2, (7) will be equal to [176]:

F(E?)() —/OOO /000 A€y dQE(Q1)E(—y)

]:( ETHz | DF)(Q)

+/ / dQy dQE(Q1)E(s),
0 0
F

(B,

sp) (@

where E2y, |sr and E2y, |pr are the sum-frequency (SF) and difference-frequency (DF) contri-
butions. The difference frequency contribution was removed either by the FFT high-band pass
filtering, or the Gaussian fit of the E2y, in the time domain. Both approaches gave the same
result. The same procedure was repeated for the all waveforms, reconstructed for the different

angles 6 of the WG analyzer.

Finally, the solid lines in the Figure B.3a show the residual signal 67"/T|iesidual(7,6) (solid
lines) as the function of the WG analyzer angle 6. It is overlapped with the purple dashed lines,
that correspond to the respective calculated SF component of the THz pump as a function of the
WG analyzer angle. As seen from both transient signals and their respective FFTs (see Fig.B.3b),
we have relatively good overlap of the residual part of the signal and given E2y, |sp(6). The red
shaded area corresponds to the region of the signal, that gets highly distorted by the slope of the

error-function, used to fit the "raw" 07'/T.
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Appendix C

STEs Light absorption

In this appendix, we present the numerical simulations of the light absorption profiles in the set
of the spintronic emitters CoFeB(5 and 20)/Pt(3) and CoFeB(5 and 20)/MgO(6), where number
in brackets is the thickness of the layer in nm. Calculations are done using the Transfer Matrix
Method approach, discussed in the Section 1.3.2. For the CoFeB nanolayers, the optical constant
were extracted from the work of X.Liang et.al [283]. For Pt, we used the data from Rakic et.al. [156].

The plots presented in this appendix are shown in terms of the fraction of absorbed optical
power per unit of the distance (nm). The amount of the absorbed optical power A,ps within the

layer i of the thickness d was calculated as following:

abs = TE}» (C.1)

mnc

where n is the discrete value of the absorbed optical power per unit of distance within the range
di—1<d,<d;;1, and P is total incident optical power. The data for the Back and Front Face

inc

excitations are shown in the Table C.1

The light absorption gradient VA, was estimated using this equation:

Aabs (0) - Aabs (d)

VA, = : (C.2)
d
Front Back
FM FM Si
CoFeB(5)Pt(3) 35% 10% 33%

CoFeB(20)Pt(3) | 44% 19% | 12.40%
CoFcB(5)MgO(6) | 48.80% | 13.60% | 43.20%
CoFeB(20)MgO(6) | 50.70% | 24.10% | 15.60%

Table C.1 — Absorbed power in the CoFeB for the Front (SiO2) and Back (Si) configurations
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Figure C.1 — Light absorption profiles: in the CoFeB capped with Pt and MgO, in Back Face configu-

ration, on the Glass and St substrates, 800 pump wavelength.
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Figure C.2 — Light absorption profiles: in the CoFeB(5)/MgO(6) and CoFeB(20)/MgO(6), in Front

Face configuration on the Glass substrate, 800 and 400 nm pump wavelengths.

where Aaps(0) and Aaps(d) are the fractions of the absorbed optical power at the beginning and
the end of the FM layer. Calculations were performed by Vincent Juvé, and re-done by myself

with TMM Python package.


https://pythonhosted.org/tmm/tmm.html

Appendix D

THz emission from ISHE-based
STEs

If we look at the amplitude ratio between CoFeB(5)/Pt(3) and CoFeB(20)/Pt(3) STEs, shown
in the Figure D.1c (blue and green waveforms), the emission 20 nm thick CoFeB emits &~ 5 times
less THz compared to 5nm thick one. Such attenuation factor can be addressed by an empirical
model for ISHE THz emitters [239, 242, 245, 270], that links total emitted Erp, to the overall
thickness of the FM+NM layers d;; as:

Brin (@) o 52 03 - e D=0 - 20), (D.1)
dtot 2A1re1

where Agqps is the absorbed fraction of the incident pump power, 0737, is the Spin-Hall angle
of the NM layer (Pt in our case), dy is the critical thickness of the FM layer [251,284], Ao is
the hot electron ballistic-transport relaxation length. Here, third term describes the generation
of the spin-current in the FM, its ballistic transport and possible Fabry—Pérot cavity effect, that

may enhance the THz emission due to the multiple pump and THz reflections at the FM/NM,
NM/FM, NM/air interfaces. Last term, Z(w) is the impedance of the STE given by:

1 ni(w)+na(w) d
7@ 7 —|—/0 dzo(w), (D.2)

with o(w) being the conductivity in the THz range , and n;(w) and nq(w) are NM and air refractive

indices in the THz range respectively, with vacuum impedance Z; = 377 €).

If we use the Eq.D.1, calculated Agups (see Appendix C.1), and CoFeB and Pt layer conductiv-
ities discussed in the Appendix E, we estimate the factor of ~5.2 between CoFeB(5)/Pt(3) and
CoFeB(20)/Pt(3), in the good agreement with experiment.
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APPENDIX D. THZ EMISSION FROM ISHE-BASED STES
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Figure D.1 — CoFeB/Pt STEs: Sample orientation dependent THz emission.



Appendix E

THz-TDS of the Pt- and

MgO-based spintronic emitters

From the discussion of the THz emission in the Back Face configuration, in the absence of
the substrate THz absorption, Torosyan et.al. [251] proposed to introduce an additional term into
Eq.D.1, which accounts for the THz attenuation due to the propagation through the metal layer

stack :

drar + dNM:| (E.1)

KTHz = €Xp [— ¢
THz

where &7y, is the effective inverse attenuation coefficient of the THz radiation, proposed by the
authors. We can experimentally check this model, since this term can be effectively measured by
the means of THz-TDS.

In order to check the validity the latter equation, we performed simple THz-TDS spectroscopy
on the set of the spintronic emitters. For this experiment, we recorded the THz pulse that propa-
gates through the bare 500 pm silicone substrate S,¢¢(t), and via FFT we extract the information
about its spectral components, Syef(w). After, the 500 pm silicone substrate was replaced by the
CoFeB(5 and 20)/Pt(3) grown on the 300 pm silicone substrate, and we recorded Sgqp, (t) with
Ssam ().

In the Fig.E.la, we show the ratio between of the FFT magnitudes of Ssqm(w) and Syer(w),
showing the ErTp, amplitude transmission through given sample. The fringes observed in the
Fig.E.la and Fig.E.2a may correspond to the Fabry-Pérot effect induced by the thickness differ-
ence of the reference and sample silicone substrates. The data for CoFeB(A15) was obtained by
taking the THz transmission from CoFeB(5)/Pt(3) as Syef(w), and CoFeB(20)/Pt(3) as Ssam (w).
THz transmission for all the samples show nearly frequency independent behaviour, well in the

agreement with previous reports [100].

With Eq.E.1 with constant &y, it is not possible to explain the measured THz attenuation
factor, underlying the thickness and layer-dependent THz conductivity of the whole metal stack.
We then change the the Eq.E.1 by accounting for the thickness change of the specific layer, which
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Figure E.1 — Pt based samples: THz metal stack amplitude absorption.

gives:

dryvory +ANMONM (B.2)

KTH, = €Xp | — "
THz
where G7ypy, is the effective sample conductance, in analogy to {tn, proposed before. With the
Eq.E.2 for constant Gy, we can fit the experimental data for Ery, attenuation factor, shown in
the Fig.E.1b. For G%y, = 0.0233 S, we estimate the values of op; = 3 x 10°Sm~! and ocopen =
0.63 x 10°Sm™~1, in a good agreement with previously published results [100,270].

Using the same values, but different effective sample conductance Gy, = 0.01578 S, related to
the Pt to MgO layer replacement, and ocorep = 0.63 x 106 Sm™! we fit the thickness dependent
Ern, transmission for the CoFeB/MgO STEs shown in the FigE.2.
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Figure E.2 — MgO based samples: THz CoFeB and MgO amplitude absorption.



Appendix F

Appendix: STEs’ emitted THz
field amplitude - pump power

dependence

Power/THz amplitude dependence. First and Second batches: In order to check
the sample growth repeatability process, we have two batches of the same spintronic bilayers,
grown on the float-zone glass substrate. We then measured the Ery, amplitude - pump fluence ¢

dependence for all the samples discussed in this manuscript.

The Ery, pump power-dependence of the CoFeB /Pt samples is shown on the Figure F.1a. The
observed nonlinear Ery, increase for CoFeB layers with 5 and 20 nm thickness can be attributed
to both saturation of the magnetization quenching [275] and spin-trapping inside the HM layer [3].
At this stage, however, we cannot separate these two effects. Nevertheless, we show rather good
consistency between the two batches, with ETy, peak-to-peak difference of about 20 %, that can
be attributed to the CoFeB or Pt layer thickness incertitude, which highly affects spin-to-charge

conversion efficiency [251].

Figure F.1b depicts the Erp, - ® dependence of the CoFeB(20)/MgO(5 and 6) samples. These

samples show better consistency, with the Fry, peak-to-peak difference of less than 10 %.

At last, Fig.F.1 shows the data for CoFeB(5)/MgO(5)/Ta(2) and CoFeB(5)/MgO(6) STEs.
Similar Fry, - ® dependence, and THz waveform of these two samples indicates that the Rashba
states are not affected by the deposition of the metallic layer on top of MgO film. Lower THz peak-
to-peak amplitudes for CoFeB(5)/MgO(5)/Ta(2) can be partially attributed to the additional THz
absorption in the 2nm Ta layer. The deposition of the thin metallic layer on top of the MgO
could positively impact the damage threshold of the CoFeB/MgO Rashba states, which could be

interesting to address in the future.

Pump-power dependent Si THz absorption: In order to better understand the power
dependence of the STE in the Back and Front Face configurations, we have measured the depen-

dence of the THz pulse transmission through photoexcited Si wafer. To simulate the Back-Face
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THz field peak-to-peak amplitudes in function of the pump fluence of a) CoFeB(5)/Pt(3) and
CoFeB(20)/Pt(3) from different batches. THz amplitudes of the ISHE emitters show comparable
amplitudes and power dependent behaviour, confirming the repeatability of the experiment. b)
CoFeB(20)/MgO(5) and CoFeB(20)/MgO(6). ¢) CoFeB(5)/MgO(6) and CoFeB(5)/MgO(5)/Ta(2). The
nonlinear behaviour of the CoFeB(5)/MgO(5)/Ta(2) and its similar waveform (see inset) points on the
IREE conversion in the CoFeB(5)/MgO(5)/Ta(2).

Figure F.1 — Different batches: THz peak-to-peak amplitude - 800 nm pump fluence dependence.

excitation condition, we have overlapped, both spatially and in time, the 800 nm pump beam and
the THz pulse emitted from ZnTe at the surface of Si wafer. Measured THz transmission loss due

to the 800 nm pump absorption is shown in the Fig.F.2.
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Figure F.2 — Pump-power dependent Si THz absorption.

Power /THz amplitude dependence: Front (Glass substrate) vs Back (Si substrate)
experimental configurations: As the next step, we have recorded the THz emission from the

set of samples in the Back and Front face experimental configurations, grown on the Glass and
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Si substrates. Figure F.3 shows the peak-to-peak Fry, amplitude in function of the FM layer
absorbed laser fluence ®,,5. We see the highly nonlinear THz absorption as a function of the
800 nm pump fluence. This complicates the retrieval of the real STE THz amplitudes in the Back

Face configuration for the samples grown on the Si substrate.
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THz field peak-to-peak amplitudes in function of the pump fluence of a) CoFeB(5)/Pt(3) and
CoFeB(20)/Pt(3) from different batches. THz amplitudes of the ISHE emitters show comparable
amplitudes and power dependent behaviour, confirming the repeatability of the experiment. b)
CoFeB(20)/MgO(5) and CoFeB(20)/MgO(6). c¢) CoFeB(5)/MgO(6) and CoFeB(5)/MgO(5)/Ta(2). The
nonlinear behaviour of the CoFeB(5)/MgO(5)/Ta(2) and its similar waveform (see inset) points on the
IREE conversion in the CoFeB(5)/MgO(5)/Ta(2).

Figure F.3 — Glass and Si substrates: THz amplitude versus FM absorbed fluence.

Let us take a look first at the CoFeB/Pt based samples. For the CoFeB(5)/Pt(3) (see Fig.F.3a),
the Back Face configuration ! is less efficient than the Front Face one 2, which is due to the power-

dependent Si THz absorption, addressed in the previous paragraph.

On the other hand, for the same amount of the pump fluence absorbed by the CoFeB, THz
emission from CoFeB(20)/Pt(3) in Back Face configuration is more efficient than the Front Face
excitation, without even accounting for the Si photoexcitation loss. This could be related to the
non-equivalent spin injection into the HM between the Back and Front face excitations, and it
needs to be confirmed with first principle calculations. Importantly, the data for the Back Face

excitation does not account for the THz absorption in the CoFeB and photoexcited Si.

Next, the same measurement done for the CoFeB(5)/MgO(6) sample (see FigF.3c). The Front
Face Ery, pump fluence dependence of this sample was already discussed in the main text. Inter-
estingly, the efficiency of the CoFeB(5)/MgO(6) THz emission looks like the inverse of the Front

Face data, despite the fluence dependent Si absorption. Such evolution of the Ery, amplitude

1. Excitation from the side of the non-magnetic layer.
2. Excitation from the side of the substrate.
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for the Back face configuration again suggests coexistence of the IREE and bulk? spin-to charge

conversion contributions in CoFeB/MgO samples.

Finally, the pump fluence dependence of the CoFeB(20)/MgO(6) behaves as its ISHE coun-
terpart, CoFeB(20)/Pt(3), indicating the existence of the IREE conversion in this sample. Inter-
estingly, as shown in the Appendix C, light-absorption gradient within the CoFeB layer for the
Back and Front Face excitations differs by <10 %, hence the more important THz field amplitude
when pumped from the MgO side can not be explained solely by the more significant bulk conver-
sion mechanism. Such non-expected behaviour of both 20 nm thick ISHE and IREE in the back
face configuration can be promising for more efficient THz emission in the non-conventional STE

geometry.

3. AHE and/or ultrafast demagnetization
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Python data acquisition software

m.mip Control
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Figure G.1 — Graphical user interface of the Python-based data acquisition software.

I have developed the Pump-probe graphical user interface (GUI) to control the experiment and
to simplify, automatize, and visualize the data acquisition process. The GUI shown in the Fig.G.1
is the "single-page" window with inputs for the time-resolved scan parameters, Lock-in Amplifier
(LIA) controls, alignment tools, and plots with measured data sets. It was made with an intent of
user-friendly software configuration, hardware initialization and adjustment of the GUI itself. No

prior programming knowledge required [285].

More information is available on the GitHub, at https://github.com/artie-1/pump-probe-experiment-
control.
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Sonde et contrdle des phonons cohérents et de la conversion spin-charge dans les
nanostructures a l'aide d’impulsions lumineuses ultrarapides dans le visible et le THz

Mot clés : Spectroscopie térahertz, pompe-sonde, phonons, conversion spin/charge

Résumé : Létude du couplage ultrarapide
entre les électrons, les phonons et les spins
demeure un enjeu majeur en physique de
'état condensé. Ces recherches doivent a
terme répondre a divers défis posés par les
technologiques trés haute cadence.

La premiere partie de cette thése est
I'étude expérimentale de la génération de pho-
nons cohérents avec des impulsions ultra-
bréves térahertz et proche infrarouge dans
des nanofilms de Cr, Al et de BiyTes. Grace
a une comparaison quantitative de ces deux
types d’excitation, nous montrons de maniere
inédite que le processus de génération de
phonons acoustiques par térahertz est princi-
palement induit par la contrainte thermoélas-

tique (effet Joule ultra-rapide).

Dans un deuxiéme temps, nous montrons
aussi que limpulsion térahertz peut exciter
des modes actifs Raman par des processus
non-linéaires optiques et phononiques.

La troisieme réalisation de cette thése est
le contrble par excitation optique ultra-rapide
de la conversion spin/charge dans des bi-
couches nanométriques magnétiques a fort
couplage spin-orbite. En particulier, nous dis-
cutons de l'effet Edelstein inverse ultra-rapide
dans les hétérostructures CoFeB/MgO. Nous
montrons qu’il est sensible a I'énergie des
photons de pompe, ce qui ouvre des pers-
pectives excitantes pour les émetteurs spintro-
niques ultra-rapides.

Probing and controlling coherent-phonon and spin-charge conversion in nanostructures

with ultrafast visible and THz light pulses

Keywords: Terahertz spectroscopy, pump-probe, phonons, spin/charge conversion

Abstract: The study of ultrafast coupling be-
tween electrons, phonons, and spins remains
a major challenge in condensed state physics.
This research must ultimately respond to vari-
ous challenges posed by very high-frequency
technologies.

The first part of this thesis is the exper-
imental investigation of the coherent phonon
generation with terahertz and near-infrared
ultra-short pulses in nanofilms of Cr, Al, and
BioTes. By comparing two distinct excitation
processes, we unprecedentedly show that the
mechanism of acoustic phonon generation
with terahertz is mainly driven by thermoelas-

tic stress (ultrafast Joule effect).

As the next step, we also show that
the terahertz pulse can excite Raman ac-
tive modes through non-linear photonic and
phononic processes.

The third achievement of this thesis is the
picosecond control of the spin-to-charge con-
version driven by the strong spin-orbit cou-
pling in magnetic nanometric bilayers. In par-
ticular, we discuss the ultrafast inverse Edel-
stein effect in CoFeB/MgO heterostructures.
We show that it is sensitive to the pump pho-
ton energy, which opens exciting perspectives
of ultrafast spintronics emitters.
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