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Introduction

The terahertz (THz) radiation covers the frequency range from 0.1 to 30
THz in the electromagnetic spectrum, which is situated between the realms
of electronics and optics ['Z02]. During the last decades, the THz frequency
region has increasingly drawn the interest of numerous research communities,
such as physics, chemistry, material science, and medicine. Combined with
technological improvements in the fields of photonics and optics, plentiful
applications of the THz radiation in a variety of directions have emerged
[Ton07], [Mit17]. That increasing interest is due to the fact that THz photon
energies can couple resonantly to many elementary processes in all states of
matter. In solids, for example, phonos, spin resonances, excitons, plasma
frequencies, and superconducting gaps exist in this frequency range.

In this work, the produced THz pulsed radiation is intended to be em-
ployed for realizing a newly developed ultrafast scanning tunneling microscopy
technique called THz-STM. That technique gives access to various spatio-
temporal phenomena and enables the study of ultrafast dynamics of optical
excited systems, such as nanostructures and molecules at surfaces, with fem-
tosecond temporal and atomic-level spatial resolution [THKH21], [MSKW20].

THz-gated Scanning Tunneling Microscopy (THz-STM)

In THz-gated scanning tunneling microscopy, the electric field of a single-
cycle THz pulse acts as a quasi-static bias voltage modulation of the STM
junction, resulting in a time-dependent current response. Thus, coupling
THz pulses to the STM junction allows for control of tunneling currents on
femtosecond time scales, maintaining the spatial resolution of the STM. For
the STM photoexcitation, to get measurable currents, an essential ingredi-
ent is the high repetition rate of the laser source. For that purpose, near-
infrared ultrashort laser pulses of a broadband OPCPA (Optical Parametric
Chirped-pulse Amplification) laser system are employed. It is an amplified
laser system, which delivers ~8 fs laser pulses centered at 800 nanometers.
It operates with a variable high repetition rate of 0.5 MHz or 1 MHz, re-
sulting in 6 pJ or 3 uJ pulse energies, respectively. Moreover, achieving
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Introduction

high time resolution in THz-STM requires shorter THz pulse width, which
in turn requires a broadband THz spectrum. In this regard, the spintronic
THz emitter (STE) is employed as the source of radiation. Compared to
THz sources regularly used, such as nonlinear optical crystals (GaP, ZnTe)
and high-performance photoconductive switches, the STE provides a sig-
nificant advantage: it delivers ultrabroadband single-cycle THz pulses with
a frequency spectrum covering the range from 1 to 30 THz without a gap
[SIMT16],[SIST17]. Due to its fast transients and extremely large band-
width, the STE is a very well-suited THz source for THz-STM as it enables
very fast voltage modulation in the STM, increasing the achievable time
resolution. Further advantages are the easy THz polarity flipping and easy
polarization control through the applied STE magnetization.

This thesis

This work aims to optimize the excitation conditions of the spintronic
emitter employed for THz-STM measurements and achieve high THz field
amplitudes onto the STM tip at MHz repetition rates and microjoule pulse
energies. The initial curved-wavefront excitation geometry for the spintronic
emitter, combined with the employed laser parameters, gives rise to several
unwanted effects, reducing the THz emission and propagation efficiency. In
a first step, the attempt to disentangle those effects and then define design
considerations for a new optimized excitation geometry is presented. For
that purpose, measurements and numerical simulations of the THz propaga-
tion through optical systems are performed. Consequently, a new optimized
excitation geometry is designed and built based on the acquired knowledge.
It consists of a plane-wavefront excitation geometry and gives the flexibil-
ity to test variable pump spot sizes for the STE. In the new experimental
setup, several measurements are performed that help to conclude the ideal
condition that leads to higher THz fields onto the STM tip. The results are
discussed and presented in the final part of this thesis.
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Chapter 1

Theoretical background

Optical fields, in particular near-infrared femtosecond laser pulses, are em-
ployed to excite the spintronic THz emitter. The delivered THz pulses have
an ultrabroadband spectrum giving rise to several challenging issues regard-
ing their spatial characteristics and efficient propagation through the optical
systems. In the course of this work, numerical simulations modeling the
propagation of the THz spectrum through different optical systems and un-
der different excitation conditions are performed. The simulations provide
insights for understanding experimental results, and in turn, directions for
constructing a new, optimized excitation geometry for the spintronic emit-
ter. This chapter presents the theoretical background and formalism used for
this purpose. In Section 1.1, the angular spectrum representation method is
introduced. It is a powerful technique for describing laser beam propagation
and light focusing. In the paraxial limit, this approach leads to the derivation
of Gaussian beams, which are described in Section 1.2. Lastly, in Section 1.3
the ABCD matrix analysis is presented, which is the mathematical method
employed for calculating the evolution of a Gaussian beam through an op-
tical system. In all numerical simulations conducted during this work, both
the optical and THz fields are modeled as Gaussian beams. The discussion
below relies on references [NHOG],[ST19],[Svel0],[Kog65],[ald15].

1.1 Propagation of optical fields: angular
spectrum representation

The angular spectrum representation is a mathematical approach for mod-
eling light propagation in homogeneous optical media. This technique has



Chapter 1 Theoretical background

its origins in Fourier optics [Goo05], [ST19]. Under this formalism, any ar-
bitrary optical field can be described as a superposition of plane waves with
variable amplitudes, pointing in different directions in space. The fields are
evaluated in planes that are perpendicular to the propagation axis z (see
Fig. 1.3). Thus, assuming that one knows the field E(7) at an arbitrary
point 7 = (x,y, z), the question would be: how could that field be calculated
in an arbitrary destination plane z=constant?

Source
at

z<0 /

/

e

)Y | Z

z = const.

y

Figure 1.1: Assuming a light source at z < 0, under the angular spectrum
representation the propagated field is evaluated in planes perpendicular to
the propagation axis z.

One starts by decomposing the field within an initial z plane into a sum
of two-dimensional plane waves as

E(z,y,2) =5 / / E(ky, ky; 2)elEeathl g dk, (1.1)

where z,y are the Cartesian transverse coordinates and k,, k, are the recip-
rocal coordinates or spatial frequencies, respectively. Each plane wave has a
weight E(k,, ky; z), which is called the angular spectrum of the filed and it is

related to the E (x,y, z) via a two-dimensional spatial Fourier transform:

E(ky, ky; 2) / / (z,y, z)e” W thuyl dody. (1.2)

Both the field and its angular spectrum are vectors, implying that the Fourier
integrals hold independently for each vector component. Therefore, each
plane wave is propagated separately through the Fourier domain to the des-
tination plane. How could this propagation be evaluated?



1.1 Propagation of optical fields: angular spectrum representation

Assuming an isotropic, homogenous, linear and source-free medium in
the transvesre plane, a time-harmonic, optical field has to fulfil the vector
Helmholtz equation

(V2 4+ K)E() =0 (1.3)

where the wavenumber k is determined by the dispersion relation c?k? =
w?n?, with ¢ being the speed of light, w the angular frequency of the field, and
n = /e the refractive index of the medium. Substituting the Fourier repre-
sentation of the electric field E(z,y, z) (Eq.1.1) into the Helmholtz equation
(Eq.1.3), and assuming that we know the field in the plane z=0, then the
angular spectrum of the optical filed at a destination plane z, will be

E(ky, ky; 2) = E(ky, ky; 2 = 0)e’*=> (1.4)

where k, is given by the formula

k, = i\/kQ — (k2 4 k2). (1.5)

The longitudinal component of the wave vector k, is fixed by the length of
the wave vector k. The '+’ sign determines whether the field propagates
in the positive or negative z-direction, which depends on whether the field
source is located before or after the plane z=0, where it is assumed that the
electric field is known.

From the Eq.1.4, one sees that the spatial spectrum of the electric field
in an arbitrary destination plane z, is uniquely defined by multiplying the
spectrum in the initial plane z=0 by the factor

H(ky, ky; 2) = e=F=2. (1.6)

This factor, in the reciprocal space, is called propagator or optical transfer
function (OTF) of free space.

After propagating each plane wave through the Fourier domain, all the
plane waves will be added back together, and the wavefield in the arbitary
destination plane z will be reconstructed via an inverse spatial Fourier trans-
form. Inserting the result of Eq.1.4 into Eq.1.1 we finally have

E(z,y,z / / E(ky, ky; 2 = 0)er==ekertibviqr, qk, (1.7)

which is known as the angular spectrum representation (ASR).
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1.1.1 Evanescent field

A particular result that follows from the angular spectrum method is the
existence of evanescent fields, which are relevant to this work. For the gen-
eration of THz radiation, optical fields are used. Between those two regimes
of the electromagnetic spectrum, there is a considerable variation in wave-
lengths. The THz wavelengths range from 300 pym to 3 um and are orders
of magnitude longer than the wavelengths of the optical regime, which are
centered around 800 nm. This mismatch can result in THz emission from
subwavelength volumes, leading to evanescent waves on the emitter’s sur-
face.

To understand the evanescent fields better, one needs to take a closer
look at the propagator of Eq.1.6, which contains all the information about
the optical medium, and therefore, how the light propagates through it.
Assuming a purely dielectric medium with no losses, the refractive index
n is a real and positive quantity. Thus, the same holds true for the wave
vector k. Hence, the longitudinal component of the wave vector k, (Eq.1.5) is
either real or imaginary and converts the factor exp(ik,z) into an oscillatory
or exponentially decaying function, respectively. Therefore, two possible
characteristic solutions can occur for a specific (k,, k,) pair

Plane waves :  ¢/lka2thyy] e’kzz, k:i + k; < k2

Evanescent waves :  e'lfemthule=hez 2 4 2 > 2,

(1.8)

A graphical representation will help to analyze the results above. The equa-
tion k2 + k2 = k* describes a circle with radius k. Thus, one can identify
the circle with radius & in the reciprocal space, as is depicted in Fig.1.2. For
all the k vectors inside the circle (k2 + k? < k?), the expression under the
square root of Eq.1.5 is positive, thus the k, is real. The propagator then
becomes an oscillating function in z. On the other hand, for all the k vectors
outside the circle (k2 + k‘j > k?), the expression under the square root of
Eq.1.5 is negative; thus, the k. is imaginary. As a consequence, the propa-
gator of Eq.1.6 becomes an exponential decay along the propagation axis z.
This means that all the spatial frequencies inside the circle with radius k are
plane waves that can propagate in the far-field. In contrast, all the spatial
frequencies outside the circle decay exponentially along the z-axis, and they
stand for the evanescent waves. The spatial range where the evanescence
waves still exist is called near-field, and that is for a distance less than a
wavelength. Therefore, if the destination plane is located in the far-field
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ky A
kx” + ky? =k?
Propagating
plane k
waves
!
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Evanescent
waves

Figure 1.2: Reciprocal space. The red circle presents the value of k. The
wavevectors of the propagating plane waves are restricted to the circle area,
while the wavevectors of the evanescent waves are extended outside of it.

(> ), the contribution of the decaying components (evanescent waves) is
zero.

1.1.2 Paraxial approximation

In the case of a collimated or a weakly focused laser beam, as the light prop-
agates along a certain direction z, it spreads out slightly in the transverse
plane. For those cases, in the angular spectrum representation, the wavevec-
tors k = (kg, Ky, k) are almost parallel to the propagation axis z and the
transverse components (k,, k,) are small in comparison to k. Thus, the so-
called paraxial approximation can be applied, under which the square root
of Eq. 1.5 can be expanded in a series as

(k2 + k2)
_ — (2 N/p2 g b 2 F Y
k, = k\/l (K2 + k2)/k? ~ k T (1.9)
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This approximation significantly simplifies the Fourier integrals, and it is
applied to derive the following formalism of the Gaussian laser beams, which
are considered in cases where the beam divergence is relatively small.

1.2 Gaussian beams

All the numerical simulations performed during this work model the optical
field used for the excitation of the spintronic emitter and the resulting THz
radiation as Gaussian beams.

A Gaussian beam is the fundamental (or TEMy) mode of many laser
sources and often the most desirable output. Mathematically, it occurs as
a solution to the paraxial Helmholtz equation (Eq. 1.3). It is a beam of
monochromatic electromagnetic radiation, characterized by a Gaussian irra-
diance profile in any plane transverse to the direction of propagation. Thus,
assuming a 2-D light beam, meaning that the light propagates in the z-
direction and the electric field oscillates in only one transversal direction r,
the field distribution, near the optical axis (z-axis), is given by the paraxial
representation of a Gaussian beam

= - w kr? r?

E(r,z) = Eow—oefcp [—i(kz + ¢(2))] exp _iZR(z) "0

(1.10)

where Ej is a constant field vector in the transverse (x,y) plane, r is the
radial distance away from the propagation axis (r* = z2+%?), w, is the beam
waist, where the transversal beam size is minimum and z is the propagation
distance from the beam waist plane. k = 27” is the wavenumber, and A is the
wavelength of light inside the medium where the beam propagates. w(z) is
the beam radius and R(z) is the radius of curvature of the phase front. ¢(z)
is the Gouy phase shift, which indicates an additional phase shift related to
the geometry of the beam. The last three parameters will be discussed in
detail later.

In Eq.1.10, the exponential term consists of a real and an imaginary part.
The imaginary part contains information about the beam phase, and the real
part is associated with the transversal irradiance (or intensity) profile. Thus,
as the intensity is the square modulus of the electric field amplitude distribu-
tion, the real part of the Eq.1.10 is extracted, and the following relationships
occur:
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E(r, 2)  exp [_w;—(z)] (1.11)

272
I(r,2) = |E(r,2)|? < exp | ————| . 1.12
(1) = B o cap |5 (112)
In Fig.1.3, it becomes apparent that the intensity distribution (as well as the
field distribution) is symmetric around the beam center and decreases as the
radial distance increases.
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Figure 1.3: Gaussian beam amplitude and Irradiance. The transverse
irradiance profile (solid line) and the electric field amplitude distribution
(dashed line) of a Gaussian beam are depicted. Both curves are normalized to
the maximum value. The horizontal line indicates the 1/e? of the maximum
intensity, the location where the beam radius is defined.

As the light beam propagates through space, the transverse irradiance
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distribution remains Gaussian but is not constant, therefore there is a de-
pendence of w(z) on z. Due to diffraction, the beam will converge towards
and diverge away from the beam waist w,, which is the area where the beam
radius reaches its minimum value, and similarly where the on-axis intensity
(r =0) is the greatest. The graphical representation of a paraxial Gaussian
beam is depicted in Fig.1.4.

Irradiance (a.u.)
o IS > ® o

ce10

Phase front

v
(me) 1

Figure 1.4: Graphical representation of a paraxial Gaussian beam.
The hyperbolic red lines represent the evolution of the beam radius through
the propagation axis. As the beam propagates away from the beam waist,
it acquires an approximately spherical phase wavefront (light blue curves).
The transversal Gaussian irradiance distribution is preserved along the prop-
agation axis.

The beam radius w(z) is defined as the location where the intensity drops
to 1/e? (13.5%) of its maximum value (Fig.1.3), and its evolution along the
propagation axis is given by:

w(z) = wer |1+ (iy (1.13)

2
TW;

When the beam propagates towards infinity (z = £00), it expands sym-
metrically in both directions from the beam waist by the divergence angle:

0 = tanh = — (1.14)
TWo

where the paraxial approach is used (§ < 1 rad). From the last equation,
one can see that the beam’s divergence and the beam waist are reciprocal pa-
rameters. This implies that a well-collimated beam (small divergence angle)
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will be achieved when the beam waist is large. On the other hand, a tightly
focused beam will result in a high divergence. It is worth noting that € also
depends on A, which is the wavelength of light inside the medium where the
beam propagates. Thus, assuming a constant beam waist, light with lower
frequencies will diverge more than light with higher frequencies.

Proceeding with the analysis of the field distribution, and now focusing
on the imaginary part of the exponential in Eq.1.10, the transverse phase

factor:
exp | —1 kr?
b 2R(z)

shows a quadratic dependence on r. This originates from the paraxial ap-
proach of a spherical wavefront with radius R(z). Accordingly, the function
R(z) is representing the radius of curvature of the phase front of the Gaussian
beam, and it evolves along the propagation axis as:

w2\

1+ o . 1.15

(=) ] (1.15)
In Fig.1.5 the Eq.1.15 is plotted. One sees that when z tends to infinity, then
R ~ z. This would be the typical behavior of a spherical wavefront coming
from a point source, originated at z = 0. The linear equation R(z) = z
is also plotted as a dashed line. However, for z=0, the radius of curvature
of the Gaussian beam is infinity. This implies that at the beam waist, the
wavefront is plane. Thus, starting from the beam waist, as plane wavefront,
the radius of curvature decreases from infinity to a minimum value and then

increases linearly with z, just as for a spherical wave, being a plane wavefront
again at z = Fo0.

R(z) =z

The point where the radius of curvature reaches its minimum value (the
largest curvature) is when z = zg, where zp is known as the Rayleigh range,
and it is defined as: )

W
2R = TO (1.16)

At z = zp, the beam radius is larger than in the beam waist by a factor of
v/2; hence, one can say that the beam size in the Rayleigh range is nearly
constant and start increasing linearly for z > zg (that is, approaching the
dashed line in Fig.1.4). Thus, it should also be noted that the value of the
Rayleigh length indicates how the beam diverges, i.e., the largest the value
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Figure 1.5: Radius of curvature. At the distances of +zp from the beam
waist plane, the radius of curvature reaches the minimum of its absolute
value. At the beam waist, the wavefront is plane, i.e., the radius of curvature
is infinity. The dashed line depicts the radius of curvature of a spherical
wavefront coming from a point source, originated at z = 0.

of zgr the later the beam will start to expand linearly.

Lastly, in Eq.1.10 there is also a longitudinal phase factor:

exp[—i(kz + ¢(2))] .

Along the propagation axis, other than the phase shift (kz) of a plane wave,
the Gaussian beam obtains an additional phase term ¢(z), which is called
Gouy phase shift, and it is given by:

o(2) = arctcm(i). (1.17)

The plot in Fig. 1.6 depicts the evolution of ¢(z) along the z-axis. The
Gouy phase shift changes from (—7/2) to (7/2). Thus, overall, it represents
a m phase shift when the Gaussian beam wavefront crosses the beam waist
plane.

10



1.2 Gaussian beams

¢ (in 7/2)

Figure 1.6: Gouy phase shift. The Gouy phase shift asymptotes to
+7/2 as z tends to +o00. Therefore, the overall phase shift from z = —oco to
z = 400 is 7.

A Gaussian beam can be described as a superposition of many plane
waves with k vectors propagating in different directions. The plane wave
components which do not propagate parallel with the beam axis undergo
smaller phase shifts in the z-direction. Thus, it is expected that the phase
shift of a Gaussian beam is not identical to that of a plane wave.

For a Gaussian beam, both the spot size w(z) and the radius of curvature
R(z), can be described by the so-called complex beam parameter or complex
radius of curvature, which is given by

1 1 A
9(z)  R(z)  mwi(z)

(1.18)

By substituting the depedencies of w(z) (Eq.1.13) and R(z) (Eq.1.15), one
can obtain an alternative expression:

q(z) = z +izg. (1.19)

Utilizing the complex beam parameter the electric field of the Eq. 1.10

11
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can be written as

] exp|—ikz]. (1.20)

Furthermore, the definition of the complex beam parameter simplifies
the mathematical formalism of the Gaussian beam propagation through an
optical system, and the ABCD matrix analysis can be introduced.

1.3 ABCD matrix analysis of Gaussian
beams

The ABCD matrix analysis (or ray transfer matrix analysis) originates from
the geometrical optics, where it is used for calculating the propagation of
light rays through optical elements [ST19], [Sie86]. However, it can also be
utilized to calculate the evolution of propagating Gaussian beams that we
are interested in.

Within the paraxial approach, an ABCD matrix is a 2x2 matrix related
to an optical element and describes the effect of the element on a light
beam. A light beam usually propagates through multiple sequential optical
elements, including the propagation through air, meaning through an optical
system. The ABCD matrix of an optical system is the matrix product of all
the single matrices corresponding to the successive system’s components.

Considering a Gaussian beam which enters and then propagates through
an optical system, its initial complex radius of curvature ¢;, (Eq.1.18), changes
according to the ABCD law:

Gout = Cqm I D

From the resulting complex radius of curvature q,,;, the new beam param-
eters, i.e., the beam radius w,,; and the radius of curvature R,,; of the
wavefronts can be then extracted. Fig. 1.7 shows a scheme of this descrip-
tion.

(1.21)

Two important examples that are employed in this work are:

12



1.3 ABCD matrix analysis of Gaussian beams

Optical system

Figure 1.7: ABCD law for Gaussian beams. An optical system is
represented by its ABCD matrix, which describes the effect of the system in
the ingoing light beam. The initial complex radius of curvature g;, of the
Gaussian input beam will change according to the ABCD law (Eq. 1.21),
resulting in the new complex radius of curvature ¢,,,. The new complex
beam parameter contains the information of the new beam radius w(z)ou
and radius of curvature R(z).,; of the outgoing Gaussian beam.

e Propagation in free space by z=d
Given a beam traveling a distance d through the free space, the ABCD

matrix is
N 1 d
My = (O 1) (1.22)

and thus, by substituting it in Eq 1.21

Qout = Gin T d. (123)

e Propagation through a thin lens with focal lenght f
Given a beam traveling through a thin lens with focal length f, the

ABCD matrix is
~ 1 0
Mlens - (_1/f 1) (124)

and thus, by substituting it in Eq 1.21

S (1.25)

13



Chapter 2

Experimental details

In the course of this work, two different excitation geometries for the spin-
tronic THz emitter are investigated and discussed. The experimental setups
are described separately in detail in the following two chapters. However, this
chapter provides experimental details common in both geometries. First, in
Section 2.1 the employed laser source is described. Then, Section 2.2 presents
the core mechanism of the spintronic THz emitter, its properties and advan-
tages for THz-STM applications. Last, the used THz detection method,
electro-optic sampling, is described in Section 2.3.

2.1 Laser system

The employed laser system (commercially available) is based on an octave-
spanning, mode-locked Ti:Sapphire oscillator (VenteonPulse One), which
seeds a Yb-fiber laser amplifier and a two-stage optical parametric chirped-
pulse amplifier (venteon OPCPA). It delivers ultrashort laser pulses with
duration of ~8 fs and a central wavelength of 800 nm. It can operate at a
variable repetition rate of 0.5 MHz or 1 MHz, resulting in 6 p.J or 3 uJ pulse
energies, respectively. In both cases, the averag power is reaching 3 W. In
Fig. 2.1 a schematic of the laser system is demonstrated.

A continuous-wave (CW) green laser (Coherent Verdi) pumps the mode-
locked Ti:Sapphire oscillator. This system produces an octave-spanning out-
put at an 80 MHz repetition rate delivering few-cycle laser pulses of ~5 fs.
From its ultrabroadband output spectrum, a narrowband spectral compo-
nent at 1030 nm is filtered out and directed to the fiber amplifier stages
(pre-amplifier and main-amplifier). The pulses are picked, stretched, am-

14
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pre-amplifier stage main amplifier stage

(" )
Yb-fiber Yb-fiber Yb-fiber
pre-amplifier | | pre-amplifier2 | p plifier 3
foylle 3o}
(RGN e Anslen 1
£ 2 - ~ variable delay
S L3 N T
sAaz (0 515 nm 10300m 40w Y i
P, S /o< SHG < / 17
oscillator 800nm 3 W ~8fs l probe
DN ultrabroadband pulses wJ pulse energy *.. BS

(@ variable rep.rate Y, 90:10

OPCPA

Figure 2.1: Schematic of the laser system. From the output spectrum
of an 80 MHz octave-spanning, mode-locked Ti:Sapphire oscillator, a nar-
rowband beam of 1030 nm is filtered out and directed to the four stages fiber
amplifiers (three Yb-fiber pre-amplifiers and one rod-type fiber main ampli-
fier). The pulse pickers (PP), in the pre-amplifier stage, enable the variation
of the repetition rate of the laser system. In the main amplifier stage, the
beam obtains the most of its energy, and after that, it is frequency-doubled
by second harmonic generation (SHG). The produced beam seeds the two
optical parametric amplifier stages, leading to an energy transfer from the
amplified narrowband beam to the ultrabroadband pulses through a phased
matched process. The 90% of the output power is available for the experi-
ments, and from this, the beam is split at a ratio of 90:10 to the pump (THz
generation, see Section 2.2) and the probe (THz detection, see Section 2.3)
path, respectively. The figure is redrawn from [Mall7].

plified, recompressed, then frequency-doubled, and recombined with the ul-
trabroadband pulses in the OPCPA stage. Therefore, one can describe the
amplification process in four stages: three Yb-fiber pre-amplifiers and one
rod-type main amplifier. After the first and second pre-amplifier, the pulse
pickers enable the variation of the repetition rate between 0.5 MHz and 1
MHz. After the third pre-amplifier the laser beam is directed to the main
amplifier stage passing the rod-type fiber, from which it gains the most of its
energy (40 W). In the nonlinear crystal, through second harmonic generation
(SHG), the light is frequency-doubled and a laser beam with a wavelength of
515 nm is generated. This beam pumps the two-stage optical parametric am-
plifier, resulting in an energy transfer from the amplified narrowband beam
to the ultrabroadband pulses through a phased matched process. Finally,
the output is ultrabroadband few-cycle laser pulses of ~8 fs duration, 800
nm central wavelength, with uJ pulse energy at variable repetition rates,
delivering 3 W average power. The 90% of the output power is available for
our setup, and from this, the beam is split at a ratio of 90:10 to seed the THz
generation (pump) and detection path (probe), respectively (see Sections 2.2
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Chapter 2 Experimental details

and 2.3). In Fig. 2.2, the output spectrum of the laser system is depicted.
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Figure 2.2: Output spectrum of the laser system

2.2 Spintronic THz emitter

The spintronic THz emitter is a novel source of THz radiation, and it was
first demonstrated in 2013 [KBM™13]. Its core mechanism is based on spin-
to-charge current conversion, namely the inverse spin-Hall effect. Figure 2.3
depicts its basic principle.

In this bilayer structure, composed of a ferromagnetic (FM) and a non-
ferromagnetic (NM) metal thin film (few nanometers), the FM layer is mag-

netized in-plane by an external magnetic field ﬁ When illuminated by an
incident ultrafast femtosecond laser pulse, electrons in the metals are pro-
moted to states above the Fermi energy, resulting in non-equilibrium electron
distribution, thus altering their band velocity and scattering rate. The FM
and NM layers have different transport properties, which gives rise to a net
current along the z-axis. Furthermore, in the FM metal, the photoexcited
spin-up (majority) electrons have much higher mobility than that of the
spin-down (minority) electrons, and as a consequence, the z current is spin-
polarized [KBM™13], [ZCE06]. When this impulsive spin-polarized current
Js is injected into the NM layer, due to the spin-orbit interaction, electrons
will 'feel” an effective magnetic field. Since this effective magnetic field is
opposite for spin-up and spin-down electrons, they will be deflected in op-
posite directions with a mean angle . This is the inverse spin-Hall effect
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Figure 2.3: Spintronic terahertz emitter. A stack of a ferromagnetic
(FM) and a nonmagnetic (NM) metal thin film is excited by an optical
femtosecond laser pulse. The FM layer is magnetized homogeneously by an
external magnetic field. The excitation launches spin transport from the
FM into the NM layer, where the longitudinal spin current is converted into
an ultrafast transverse charge current, leading to the emission of a THz
electromagnetic pulse. Figure redrawn from [SJM " 16]

(ISHE). Because of this, the longitudinal (z-directed) spin current density
Js is converted into an ultrafast transverse (x-directed) charge current den-
sity j. = 7vJs. The transient j. acts as an electric dipole, oscillating on the
femtosecond time scale, leading to the emission of pulsed terahertz (THz)
electromagnetic radiation into free space.

After extensive research for maximizing the THz output and tailoring
the THz emission dynamics, a trilayer version of the STE was demonstrated
in 2016 [SJMT16]. In contrast to the FM/NM bilayer structure, which uses
only the forward spin current, the trilayer version (NM/FM/NM) also takes
advantage of the backward spin current, leading to 40% higher THz ampli-
tudes. A 5.8 nm thick W/CoFeB/Pt trilayer spintronic emitter grown on
500 pm sapphire substrate is employed for this work.

All previously presented terahertz emitters have exploited exclusively
the charge but not the spin of electrons. Compared to THz sources regularly
used, such as nonlinear optical crystals (GaP, ZnTe) and high-performance
photoconductive switches, the STE provides a significant advantage: it deliv-
ers ultrabroadband single-cycle THz pulses with a frequency spectrum cover-
ing the range from 1 to 30 THz without a gap (see Fig. 2.4) [SIM T 16], [STST17].
The resulting THz pulse shape and the spectral bandwidth are determined
by the pump pulse duration and the induced carrier dynamics in the STE

17



Chapter 2 Experimental details

[NSST19]. Due to its fast transients and extremely large bandwidth, the
STE is a very well-suited THz source for THz-STM as it enables very fast
voltage modulation in the STM, increasing the achievable time resolution. In
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Figure 2.4: (a) THz waveforms and (b) corresponding spectral am-
plitudes of the spintronic trilayer terahertz emitter as compared with the
other three state-of-the-art terahertz emitters. The samples are excited with
pump pulses of 10 fs duration and center wavelength of 800 nm, similar to
the ones employed in this thesis. The figure is taken from [SJMT16].

addition, it exhibits an easy THz polarity flipping and polarization control
through the applied STE magnetization. It is also pretty flexible in pump
photon energy and excitation geometry. Furthermore, the construction of
the spintronic emitter is low-cost and straightforward.

The goals for further improvement of the THz emission efficiency of the
STE and a better understanding of the resulting spin dynamics are driving
many research activities [PB20], [FQW21].

2.3 THz detection: electro-optic sampling

The detection method used is based on a time-domain electro-optic sampling
(EOS) pump-probe system. Electro-optic sampling is a pulse detection tech-
nique that employs the Pockels effect, also called linear electro-optic effect
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2.3 THz detection: electro-optic sampling

[Boy20]. A significant advantage is that one can simultaneously determine
the amplitude of the THz electric field and its phase with high accuracy.
The working principle is demonstrated in Fig. 2.5.

Balanced detection

variable delay EO crystal i
At s W4 Wollaston -~
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Figure 2.5: Electro-optic sampling and balanced detection of a THz
waveform. The femtosecond optical probe pulse and the THz pulse propa-
gate collinearly through the x(® detection crystal. Due to the linear electro-
optic effect, the presence of the THz field induces a transient birefringence
in the crystal, proportional to the THz field amplitude, which converts the
probe polarization from initially linear to elliptical. The induced ellipticity
is measured with a balanced detection scheme, which is realized by a \/4-
wave plate, a Wollaston prism, i.e. polarizing beam splitter, and a pair of
photodiodes. The photocurrent difference between the signals of the two
photodiodes is proportional to the THz field amplitude at the position of
the probe pulse, i.e., at a given time delay At. By moving the variable de-
lay stage, the complete THz waveform can be scanned. Redesinged from
[ZTR*13].

Pockels effect. It describes the instantaneous birefringence induced in
an optical medium by an applied electric field (for instance, the THz pulse).
It is a linear second-order x(?-effect, and hence it occurs only in media with
broken inversion symmetry [Boy20].

The detection medium used in this work is a ZnTe(110) crystal (thick-
ness of 300 pum). The THz transient and the femtosecond optical probe
pulse -originating from the same laser as the pump pulses used for the THz
generation-, arrive at the detector with a variable delay At. In the presence
of the THz electric field, which is linearly polarized, a transient birefrin-
gence is induced, causing a change in the refractive index along one axis
of the crystal. The induced birefringence is proportional to the THz field.
The co-propagating optical probe pulse -also linearly polarized- experiences
this birefringence, and therefore its polarization changes to slightly elliptical,
depending on the THz field strength [ZX10].
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Balanced detection scheme. The resulting probe ellipticity is mea-
sured with a balanced detection configuration, which consists of a \/4-wave
plate, a Wollaston prism (polarizing beam splitter), and a pair of photodi-
odes [ZX10].

Without the presence of the THz field, the \/4-wave plate converts the
initial probe polarized light into circular. The following Wollaston prism
splits the two orthogonal optical components and sends them to the photo-
diodes, resulting in two equally sized signals. Once the THz field is present,
the induced probe ellipticity leads to an unbalance on the two photodiodes.
The photocurrent difference between the two photodiodes, proportional to
the induced probe ellipticity and to the time-varying THz field strength, is
fed into a lock-in amplifier, which is used to enhance the signal-to-noise ratio.
The time delay between the probe and THz pulse is mechanically controlled
with a variable delay stage, and thus one can perform successive sampling
of different parts of the THz waveform. The THz field amplitudes can be
recovered by the measured lock-in signal S(t) of the THz pulses, since S(t)
is the convolution of the THz electric field incident onto the detector with
the response function of the detection crystal (ZnTe).

It is important to note for following discussions that both probe and
THz beam are focused and aligned to spatially overlap inside the detection
crystal (see Fig. 2.6). A precise alignment ensures that the two beams are

EO crystal

Y P
e

z X

Figure 2.6: Spatial overlap between probe and THz focused beams inside
the detection electro-optic crystal.

concentric. The focused probe beam size is much smaller than the THz
beam, and a 'point’-probe can be assumed. For further understanding of the
parameters that influence electro-optic sampling measurements one can find
more detailed discussion on the work of Tomasino et al. [TPS*13] and Faure
et al. [FTKLO4].
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Chapter 3

Curved-wavefront excitation
geometry

From the initial excitation geometry of the STE employed for THz-STM
measurements, several unwanted effects which limit the THz emission and
propagation efficiency occur. For the plan of an optimized excitation geom-
etry, which is the main goal of this thesis, it is first useful to disentangle all
those effects. For that purpose measurements and simulations are performed.
In this chapter, the results of this work are presented and discussed. First,
in Section 3.1 the original experimental setup is described. In Section 3.2
the arising unwanted effects are separately presented and evaluated. Last,
Section 3.3 recapitulates all the conclusions drawn in the previous section
and provides design considerations for an optimized experimental setup.

3.1 Experimental setup

The STE is excited under normal incidence with near-infrared (NIR) fem-
tosecond laser pulses (see Section 2.1) resulting in THz pulse generation.
Figure 3.1 shows the experimental setup. The NIR pump beam is focused
and recollimated by a pair of 90° off-axis parabolic mirrors, creating a curved-
wavefront excitation geometry once the STE is placed outside of the focus.
The STE position along the propagation axis of the focused NIR pump beam
can be altered by a translation stage, giving the flexibility to vary the exci-
tation spot size and fluence incident to the emitter. The STE magnetization
is controlled by a permanent magnet (M). The THz pulses can either be
guided to the implemented electro-optic sampling for the detection or into
the ultra-high vacuum champer for THz-STM measurements. The parabolic
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Figure 3.1: Curved-wavefront excitation geometry.The near-infrared
femtosecond pulse (pump) is focused and recollimated by the first pair of
90° off-axis parabolic mirrors. Along the propagation axis of the focused
pump beam, the STE is placed in a translation stage. This gives the flexi-
bility to move the emitter back and forth (Azgrg), either to the convergent
or divergent side of the beam, varying the excitation spot size and fluence
incident onto the emitter. The STE magnetization is controlled by a per-
manent magnet (M). After the generation of THz radiation and the recol-
limation of the co-propagating beams, the remaining pump light is blocked
by a Si wafer mounted near Brewster angle for maximum THz transmission.
The next pair of 90° off-axis parabolic mirrors, which comprises a telescope,
decreases the THz beam size to match the parabolic mirror in the STM
platform. On the indium-tin-oxide (ITO) coated glass, a near-infrared fem-
tosecond pulse (probe) is collinearly overlapped to the THz beam path. The
co-propagating beams are directed by the two plane mirrors onto the last
90° off-axis parabolic mirror, where they are finally focused into the elec-
tro optic-crystal (ZnTe). The optical probe samples the THz pulse into the
detection crystal, and eventually, the optical elements for the balanced de-
tection follow (see Section 2.3). Alternatively, the flip plane mirror can be
removed and the THz pulse can be lead to the ultrahigh vacuum chamber
(UHV) where it will be focused onto the STM tip by an off-axis parabolic
mirror integrated on the STM platform.

™ %

Ds;=1"
EFL; =35 mm
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3.2 THz emission and propagation efficiency

mirror used for focusing the beam onto the EO crystal is restricted by the
STM geometry. Thus, it is chosen to be identical to the one integrated into
the STM platform (35 mm effective focal length, 1-inch diameter). All the
mirrors used are gold-coated. The experimental setup is enclosed, enabling
nitrogen purging. Therefore, all measurements can be conducted in a dry
nitrogen environment to avoid the absorption of terahertz radiation by the
water molecules of the atmosphere [SSGG13].

The range of the available excitation NIR pump spot sizes can be seen
in Fig. 3.2. The beam is measured with a CMOS board camera, and then
two cuts along vertical and horizontal direction are performed.
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Figure 3.2: NIR pump beam diameter (1/e*) versus Azgrg. The
beam diameter value of each point, presented in this graph, is the average
of the horizontal and vertical value.

Under these excitation conditions, several effects limit the THz emis-
sion and propagation efficiency. Those effects are discussed in detail in the
following section.

3.2 THz emission and propagation efficiency

In combination with the employed laser parameters, the described experi-
mental setup gives rise to several unwanted effects, which reduce the THz
emission and propagation efficiency, altering the THz electric field ampli-
tude, phase, and bandwidth measured in the EO crystal or the STM. An
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Chapter 3 Curved-wavefront excitation geometry

attempt to disentangle those effects through measurements and simulations
is presented in this section.

3.2.1 Ablation of the spintronic THz emitter

The spintronic THz emitter consists of thin films evaporated on some trans-
parent substrate such as sapphire, as in our case. When placed close or inside
the NIR focus and excited with high pump powers, the employed ultrashort
laser pulses can easily ablate it and remove deposited STE material, leading
to permanent damage. The ablation is a single-pulse event, and it is not
determined by average quantities such as the pump power. Particularly, it
depends on the pump pulses peak intensity, which is given by the formula

E
Leak = —2 1
peak TA (3)

where FE, is the pump pulse energy, 7 is the pulse duration, and A is the
pump beam area.

Thus, since we employ few-femtosecond laser pulses with microjoule
pump pulse energies, ablation easily occurs in small excitation beam sizes.
It is an irreversible effect and defines a hard threshold of what pump beam
size can be used at the given pulse energy and duration. From previous
measurements, after observed permanent damage of the STE, the ablation
limit is roughly estimated around ~300 pm, when operating with full power
(@4 uJ, 10 fs, 2 mJ/em?).

3.2.2 Saturation of THz emission efficiency

Following the excitation of the STE, based on Ohm’s law, the amplitude
of the emitted THz field EFrg, will scale linear with the induced charge
current density j., hence with the number of the excited electrons per vol-
ume [KBM7T13], [SJMT16]. In turn, the induced current density will scale
linearly with the laser average intensity Iyrr [DWHDO6G], and thus one can
write

Pyrr

2
TWNIR

(3.2)

Erp. o< jo X Inrp o<
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3.2 THz emission and propagation efficiency

where Ppyrgr is the laser average power and wyrgr is the NIR pump beam
radius.

Based on the above formula, the THz field is expected to scale linearly
with the pump power. However, opposite to Eq. 3.2, a sublinear scaling with
power can also occur. Saturation of the THz field amplitudes at high energies
(or high pump powers) is observed, and it is more severe at small pump spot
sizes. This trend is assigned to thermal heating effects inside the spintronic
emitter. Since the STE consists of thin films and absorbs a significant part of
the incident power, it is sensitive to heat. Operating close to the NIR focus,
hence exciting the STE with small pump spot sizes, given the employed laser
parameters, thermal heating can occur. It is important to emphasize that
both static and transient heating may play a role in the observed saturation.
The static heating is associated with the actual STE temperature and de-
pends on average quantities, such as the average pump power. On the other
hand, transient heating is associated with the heating of the electronic sub-
system on ultrafast time scales and depends on single-pulse properties such
as the energy density (fluence). Thermal heating mainly exhibits itself as a
reversible and continuous effect, but it can also lead to permanent damage of
the emitter. However, in contrast with ablation, thermal heating effects, at
our pulse parameters, do not define a hard threshold of what pump spot size
can be used. Ablation will dominate permanent damage before permanent
damage due to heat occurs.

Measurements are performed to define the threshold for the excitation
spot size above which the saturation effects are less prominent. In order
to test how the THz signal scales with the pump power for different pump
spot sizes, the STE is moved and excited in different positions along the
propagation axis of the focused NIR beam. For each case, THz waveforms
are measured with EOS detection (see Section 2.3) after excitation with high
and low laser pump powers. The different power values influence mainly
the amplitude of the signal and not the waveform shape. A typical THz
waveform measurement is shown in Fig. 3.3. The measured electro-optic
signal S(t) is linearly proportional to the THz electric field Ege(t) incident
on the detector. More accurately, S(t) is the convolution of the Ez.(t) with
the response function of the detection crystal (ZnTe), and one can recover
the THz field from the electro-optic signal. However, it is not necessary for
the moment since only power scaling is examined.

After ensuring that the waveforms do not change and the waveform peaks
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delay (ps)

Figure 3.3: THz waveforms. THz waveforms measured at the same
Azgrp position in the convergent side of the NIR pump beam, at 0.5MH
repetition rate, with high and low power. The different power values influ-
enced just the THz amplitude and not the waveform shape.

do not shift with power, operating at the specific delay where the peaks ap-
pear, power scans are performed, and the peak THz signals are recorded.
Note that ablation and white light generation in the sapphire substrate pre-
vent using high pump powers at distances very close to the NIR focus. The
nonlinearities which cause the white light in the sapphire substrate are not
wanted as they can result in strong temporal and spatial distortions of the
NIR pump pulse. In this regard, since the temporal shape of the excitation
pulse will not be necessarily the same in high and low power regimes, the
THz waveform shape could be affected. The pump power is controlled by two
neutral density filters (ND) linearly varying in optical density. The filters are
integrated into the pump beam path on a motorized stage. Also, a chopper
wheel chops the THz generation beam for increasing the signal-to-noise ratio
with lock-in detection (modulation frequency 607Hz). Fig. 3.4 depicts the
peak THz amplitude versus NIR pump pulse energy for four different STE
positions Azgrg, i.e., for four different pump spot sizes, measured at the
convergent side of the beam operating at 0.5 MHz repetition rate. The NIR
pump beam diameter 2wy;g for each position is extracted from the data of
Fig. 3.2. Each curve is fitted with the function

f(z) = Aa" (3.3)

The results demonstrate that, especially for the distances closer to the NIR
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THz emission and propagation efficiency
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Figure 3.4: Peak THz amplitude S(¢) versus NIR pump pulse energy E,
measured at four different STE positions Azgrg, at the convergent side of
the beam. The THz amplitude scales sublinearly with the pump pulse energy
(or power) due to the thermal effects on the STE. The lines are sublinear
fits to the experimental data. The saturating effect becomes less prominent
with increasing excitation spot size, and the THz field scales more linearly
with the pump pulse energy. That is also indicated by the fitting coefficient
n, which gradually approaches the value of one for larger pump spot sizes.

focus and, thus, smaller pump spot sizes, the THz field strength scales sub-
linearly with the pump pulse energy (or power). Moving to larger pump spot
sizes, a more linear scaling gradually occurs. That is also clearly indicated
from the fitting parameter n, which gradually approaches the value of one
for larger pump spot sizes. Fig. 3.5 shows how the fitting coefficient scales
with the pump beam diameter.

We assigned this observation to thermal heating effects inside the STE.
In the current measurements, by varying the spot size, it is impossible to
distinguish whether the saturation occurs due to ’average’ heating or single-
pulse effects since both the power density and the energy density are simul-
taneously increased. To disentangle those two effects on the THz emission
efficiency, measurements that vary the repetition rate are required. Recent
results on the work of Vogel et al. [VOM'21]| show that the saturation of
the field is determined more by the transient heating, thus by single-pulse
properties such as the energy density (fluence).

To conclude, in the current setup and at the given laser parameters, the
STE has to be excited away from the NIR focus to prevent saturation effects
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Figure 3.5: Fitting coefficient n versus NIR pump beam diameter.
With increasing pump beam diameter the fitting coefficient n aproaches the
value of one, resulting in a more linear depedence of the THz electric field
with the pump pulse energy.

of the THz emission efficiency. However, it is also important to note that the
overall THz amplitude is reduced for larger pump spot sizes. Such behavior
is expected, as the THz field scales with fluence, i.e., reduces quadratically
with the pump beam radius (see Eq. 3.2). This reduction might also be due
to decreased collection efficiency, as the emitter is moved out of the focal
point of the PM;. That effect is examined in detail in one of the following
subsections.

3.2.3 THz Emission from subwavelength volumes

For the generation of THz radiation, near-infrared light is used. Between
those two regions of the electromagnetic spectrum, there is considerable vari-
ation in wavelengths. With the THz wavelengths (300 pum to 3 pum) being
orders of magnitude longer than the wavelengths of the optical regime (cen-
tered around 800 nm), based on the diffraction limit, the optical field can
be focused into much smaller spot sizes than the THz field. Therefore, us-
ing NIR pump spot sizes that are much smaller than the THz wavelengths,
a THz source of radiation with a smaller spatial extent than is generally
allowed by the diffraction limit can be generated. That results in evanes-
cence waves on the emitter’s surface (see Subsection 1.1.1). The near-field
evanescence components do not carry electromagnetic energy to the far-field,
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3.2 THz emission and propagation efficiency

decreasing the THz emission efficiency, thus reducing the emitted THz field
amplitudes.

For a quantitative understanding of the THz generation from subwave-
length volumes, numerical simulations are performed. Initially, both NIR
and THz radiation are modeled as Gaussian beams (see Section 1.2), and in
a second step, the subwavelength model is applied to the THz parameters.
First, a focused NIR pump beam of 5 ym beam waist, infinity radius of cur-
vature in the focus position, and a wavelength of 800 nm is assumed. The
NIR beam waist is chosen to fit the experimental value (see Fig. 3.2). Then,
the radius wyrgr(z) and the radius of curvature Ryrgr(z) of the NIR beam
along a defined propagation axis z are calculated using the Eq. 1.13 and
Eq. 1.15, respectively. Furthermore, the THz spectrum of interest is intro-
duced, ranging from 1 THz to 30 THz. Additionally, an artificial Gaussian
spectral weighting A;,(w) on the different frequency components is imple-
mented:

Aip(w) = . e ey
oV 2

centred at ¢ = 3 THz, and with FWHM = 2v/2in20 = 30 THz. Those
values are chosen based on the spectral bandwidth of the spintronic emitter.
As in the experimental setup, the THz generation can be done at any po-
sition along the z-axis. This implies that any pair of the calculated values
wnrr(2) and Ryrr(2) at a specific position along z can be used to generate
the initial THz beam radius and radius of curvature. For that, a variable pa-
rameter Azgrg is inserted and represents the position along the propagation
axis where the THz generation happens. At z=Azgrg, it is assumed that the
radius and the wavefront curvature of the NIR pump beam are imprinted on
the THz field. Practically this means that the initial frequency-dependent
complex radius of curvature grp. of the THz beam can be calculated, utiliz-
ing the Eq. 1.18, where the values for the radius and the wavefront radius of
curvature of the THz beam are substituted by those of the NIR beam (wy g,
Rnir) at Azgrp correspondingly. Moreover, for the wavelengths, the THz
spectrum of interest is inserted.

(3.4)

Finally, the spectral weighting A;,(w)- which corresponds to the ini-
tial electric field strength of the THz spectrum-, the calculated frequency-
dependent complex radius of curvature qrpy. of the THz beam, and the THz
spectrum of interest, are used as an input to the function which models
the subwavelength emission. Note that the numerical aperture (NA) of the
collecting parabolic mirror PM, (see Fig. 3.1), which follows the THz gen-
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eration, is used as an input too. For a detailed description of the utilized
subwavelength emission model, look at the work of Seifert et al. [STG" 18]
(see Supplementary data). The output of this calculation provides the elec-
tric field amplitude Agypyi(w) on the emitter’s surface. The resulting value of
the calculated THz electric field reflects the subwavelength emission and no
propagation effects. Therefore, the transfer function of the subwavelength
emission can be calculated as:

Asubwl (w)

Hsubwl ((.U) - Azn (w)

(3.5)

considering A;,(w) as the input and A,y (w) the output of the model.

Fig. 3.6 shows the calculated electric field amplitude Agypwi(w) on the
emitter’s surfaces plotted versus the THz frequencies for several excitation
positions Azgrg, thus pump spot sizes. For each case, the used simulated
value of the NIR pump beam diameter 2wyz (1/€?) is depicted. The dashed
line in the graph is the input artificial Gaussian spectrum A;,(w), which
corresponds to the electric field strength of the THz spectrum before the
subwavelength model is applied. The result demonstrates that moving closer
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Figure 3.6: A, vs THz spectrum. The dashed line is the artificial
spectral weighting on the different frequency components. After applying
the subwavelength emission model, for different excitation positions (Azgrg),
and thus for different excitation spot sizes (2wy;r), the resulting THz electric
field amplitude A,,p. is calculated and plotted versus the THz spectrum.
For distances closer to the NIR focus, and thus, smaller pump beam sizes,
the emission is suppressed, and blue shifted.
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3.2 THz emission and propagation efficiency

to the NIR focus, thus using smaller excitation spot sizes, the overall THz
electric field amplitude is reduced and blue shifted.

To understand better how each THz frequency component is suppressed,
it is useful to look at the transfer function of the subwavelength emission
Hgupwi(w). Fig. 3.7 depicts the Hgyup plotted versus the THz spectrum for
different excitation positions (Azgrg). As expected, moving closer to the
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Figure 3.7: Transfer function of subwavelength emission versus
THz spectrum. For the smaller NIR pump spot sizes, the low THz fre-
quencies are suppressed stronger than the high ones. The subwavelength
emission works as a high pass filter.

NIR focus, thus using smaller excitation spot sizes, the low THz frequencies
are suppressed stronger. The subwavelength emission works as a high pass
filter. Considering a THz-frequency spectrum range from 1 THz to 30 THz,
this is translated to approximately a wavelength range from 300 gm to 10 pm.
Therefore, the low frequencies -having bigger wavelengths- are more sensitive
to the subwavelength volumes when the pump spot size gets smaller.

To conclude, the mismatch between the optical and THz wavelengths
can lead to THz radiation from subwavelength volumes, resulting in the in-
efficient coupling of the generated evanescence near-field to the far-field, re-
ducing the emitted THz field amplitudes. That suggests that excitation spot
sizes larger than the wavelengths of all THz frequency components should
be used to avoid this effect and improve the THz emission and propagation
efficiency. Note that this option in our case is possible since the employed
laser source provides enough power. However, a tight focus might be needed
for low pulse energy laser systems to achieve enough fluence, compromising
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Chapter 3 Curved-wavefront excitation geometry

subwavelength emission.

3.2.4 Chromatic aberrations

Considering the above-listed unwanted effects, it is clear that many factors
can influence the efficient excitation of the STE close or in the focus position
of the NIR pump beam. On the other hand, when placing the emitter
further away, out of the NIR focus to handle better those effects, the curved-
wavefront excitation geometry gives rise to strong frequency-dependent THz
propagation, i.e., strong chromatic aberrations. That results in a decreased
collection efficiency of the THz frequency components, reducing the THz
field amplitudes reaching the EO crystal or the STM tip.

The collecting parabolic mirror PM,, which comes after the excitation
of the STE, is adjusted to perfectly re-collimate the NIR pump beam (see
Fig. 3.1). Thus, its focal point lies at z=0. Once the STE is placed anywhere
else than the z=0 (Azsrg # 0), all THz frequencies are moved out of the
focal plane, and their focus position does not coincide anymore with the NIR
pump focus. The focus position of the emitted THz frequencies depends on
the pump spot size and NIR wavefront radius of curvature with which the
STE is excited. Depending on whether the STE is excited on the NIR beam’s
convergent or divergent side, the THz focus positions are located after or
before the STE, respectively. Therefore, the parabolic mirror cannot collect
the THz frequencies uniformly and effectively, making the re-focusing into
the EO crystal or the STM tip inefficient. Since the emitted THz spectrum
is ultra-broad, the THz focus positions can vary strongly depending on the
frequency; thus, each frequency component behaves considerably differently
inside the optical setup.

Numerical simulations are performed to visualize and understand better
the resulting propagation of the THz spectrum along the z-axis. Both NIR
and THz radiation are modeled as Gaussian beams (see Section 1.2). First,
the calculation of the NIR beam (radius wyrr(z) and radius of curvature
Rnrr(2)) along a defined propagation axis z and of the initial frequency-
dependent complex radius of curvature gy, of the THz beam are done
as described in Section 3.2.3. Note that also, as before, any pair of the
calculated NIR pump beam parameters can be used to initiate the THz
generation, using the variable parameter Azgrg. Then, the ABCD matrix
formalism (see Section 1.3) is applied, using the calculated complex grp.
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3.2 THz emission and propagation efficiency

parameter as an input. In particular, the transfer matrix for propagation in
free space (Eq. 1.22) is utilized, and each THz frequency is independently
propagated through the air. From the evaluated grp.(z,w) parameter along
the propagation axis, the beam size and radius of curvature for each THz
component along z is extracted. Some plotted results follow.

Assuming that the STE is excited in the convergent side of the NIR
pump beam, 3 mm behind the focus (Azgrp = —3 mm), Fig. 3.8 shows
how the beam radius w(z) of five selected THz frequencies evolves along the
propagation axis z. The sketch above the figure is a visual description of the
plot. The chromatic aberrations become apparent. Once the STE is placed
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Figure 3.8: Frequency-dependent THz focus after the STE. It is
assumed that the STE is excited in the convergent side of the NIR pump
beam, 3 mm away from the focus. The resulting numerically calculated beam
radius w(z) of five selected THz frequencies is plotted versus the propagation
axis z. The THz focus (colorful dots) is located after the STE and shifts as
a function of frequency. The solid red line is the NIR pump beam. The dash
part of the curves indicates the back-propagating THz beam.

before the focal plane of the NIR pump beam, a THz focus after the emitter

is generated. The focus shifts several mm as a function of frequency. For
the setup, this implies that each THz frequency has a different focal plane;
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Chapter 3 Curved-wavefront excitation geometry

therefore, the collecting parabolic mirror PM; can not collect all frequencies
in the same way. The low frequencies exhibit high divergences. In addition,
their focal plane is strongly shifted compared to the NIR focus, based on
which the collecting parabolic mirror is aligned. Therefore, low frequencies
can not be collected so efficiently. Consequently, one could say that the
overall behavior works as a high pass filter, as the high frequencies will be
collected more effectively, leading to a better propagation inside the optical
setup and finally better imaging in the EO crystal or the STM tip.

In Fig. 3.9, a similar result occurs when assuming that the STE is excited
in the divergent side of the NIR pump beam, 3 mm after the focus (Azgrp =
3 mm). The only difference, in this case, is that the frequency-dependent
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Figure 3.9: Frequency-dependent THz focus before the STE. It is
assumed that the STE is excited in the divergent side of the NIR pump beam,
3 mm away from the focus. The resulting numerically calculated beam radius
w(z) of five selected THz frequencies is plotted versus the propagation axis
z. The THz focus (colorful dots) is located before the STE and shifts as a
function of frequency. The solid red line is the focused NIR pump beam.
The dash part of the curves indicates the back-propagating THz beam.

THz focus is located before the STE.
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3.2 THz emission and propagation efficiency

To achieve THz-frequency independent collimation and re-focusing re-
quires that the THz focus is located in the focal plane of the collecting
parabolic mirror PM, for all THz frequencies. That is possible just in case
the STE is excited in the focal plane of the NIR pump beam (Azgrg = 0
mm). Fig. 3.10 recapitulates the above results and demonstrates how the
THz focus position changes along the propagation axis z as a function of
frequency for three different STE excitation positions.
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Figure 3.10: THz focus position as a function of the THz frequency.
Once the STE is placed out of the NIR focal plane (Azgrg # 0) mm, the THz
focus shifts as a function of frequency. A frequency-dependent THz focus
located after the STE occurs in the case in which the emitter is excited in the
convergent side of the pump beam (Azgrp = —3 mm), while a frequency-
dependent THz focus located before the STE occurs when the emitter is
excited in the divergent side of the beam (Azgrp = 3 mm). However, placing
the STE in the NIR focal plane (Azgrgr = 0 mm), the THz focus is located
in z=0 for all THz frequencies.

To conclude, the position of the THz focus is determined by the NIR spot
size, the NIR wavefront curvature, and the THz-frequency. In the current
setup, the STE has to be excited in the NIR pump focus to avoid chro-
matic aberrations and improve the THz collection efficiency. However, as it
has been demonstrated in the above discussion, several effects prevent this
option. Therefore, a plane wave excitation geometry, that is, a weakly fo-
cused or collimated NIR pump beam, is needed for reducing the chromatic
aberrations and achieving higher THz field amplitudes.
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Chapter 3 Curved-wavefront excitation geometry

3.3 Remarks and design considerations for an
optimized experimental setup

For a clear motivation and directions for an optimized excitation geometry, it
is helpful to mention once again what is the goal of this work and recapitulate
the main points drawn in the previous section. We aim to have a high THz
electric field at the STM tip. First, for meeting that goal, high excitation
fluence is needed for achieving high emitted THz powers. Furthermore, an
efficient THz propagation is necessary for tight focusing onto the STM tip
and thus attaining higher focused THz fields.

In the described experimental geometry, due to the tightly focused NIR
pump beam used for the excitation, combined with the laser parameters of
high repetition rate and large average power, many simultaneous effects occur
that reduce the THz emission and propagation efficiency. Placing the emitter
inside or close to the NIR focus for excitation with small spot sizes and, thus,
high fluence, ablation can irreversibly damage the spintronic emitter with in-
creasing power. Furthermore, in this regime, saturation effects and emission
from subwavelength volumes drastically reduce the emission efficiency of the
STE, resulting in smaller THz field amplitudes. To excite with larger spot
sizes and thus handle better those effects, the emitter is placed further away
from the focus position. In turn, this gives rise to strong chromatic aberra-
tions, leading to inefficient propagation and inefficient re-focusing onto the
STM tip, drastically reducing the achievable THz amplitudes.

It is thus evident that a new excitation geometry is needed. A criti-
cal fluence should not be exceeded to avoid ablation and saturation effects.
The ideal pump spot size also depends on the available pump power. For
using large pump powers, larger spot sizes are required to stay below the
limiting fluence threshold. However, given limited average power, too large
pump beams can also lead to decreased THz amplitudes, as the THz field is
expected to scale with fluence, i.e., to reduce quadratically with the pump
beam radius. Therefore, an optimum spot size must be found, which will
compromise those effects. For this purpose, the new excitation geometry
enables the variation of the pump spot size, and thus, the THz field depen-
dence on it can be investigated. At the same time, it is essential to excite the
spintronic emitter with a collimated or weakly focused pump beam to reduce
the chromatic aberrations and achieve better THz propagation through the
optical system. Note that even if all the above parameters are optimized,
we also need to re-focus the THz beam very tightly onto the STM tip or
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3.3 Remarks and design considerations for an optimized experimental setup

EO crystal to enhance the THz field strength. That means a large beam
diameter is needed onto the STM /EOS re-focusing parabolic mirror. In this
regard, important design consideration for the new setup is that THz beam
size has to be expanded to match the size of the re-focusing parabolic mirror
(1-inch mirror diameter). For this purpose, an expansion telescope of the
THz beam is built in the new geometry.
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Chapter 4

Plane-wavefront excitation
geometry

This chapter presents a plane-wavefront THz excitation geometry, constructed
during the work of this thesis based on the acquired knowledge described
previously (see Chapter 3). The new geometry enables the use of different
NIR pump beam sizes. Thus, optimum excitation conditions for the STE,
which will provide higher THz fields amplitudes, can be investigated. First,
Section 4.1 demonstrates the experimental setup. Numerical simulations of
THz propagation through optical systems were necessary to design a new
setup and interpret experimental results. Taking into consideration all lim-
itations regarding the pump spot size and the optical geometry described
in Chapter 3, different excitation geometries are numerically tested. The
following described experimental setup is decided to be the most efficient
among all available ideas. In Section 4.2 the model and the outcome of the
numerical simulations are discussed. Last, Sections 4.3 and 4.4 contains the
experimental details and the results of the measurements performed in the
particular geometry.

4.1 Experimental setup

The STE is excited under normal incidence, with a collimated beam of near-
infrared (NIR) femtosecond laser pulses (see Section 2.1). The excitation
geometry enables the use of three different pump spot sizes. Figure 3.1
demonstrates the experimental setup.
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Figure 4.1: Optimized plane-wavefront excitation geometry.The
STE is excited with a collimated beam of near-infrared (NIR) femtosec-
ond laser pulses (pump). The NIR pump beam diameter is controlled by
two successive telescopes realized by pairs of concave mirrors (Telescope A
and B), allowing the use of three different pump spot sizes. Exiting Tele-
scope B, a plane mirror directs the NIR pump beam onto the STE. The
STE, placed in a distance equal to the effective focal length of the collecting
parabolic mirror (PM), is excited under normal incidence, leading to THz
pulse radiation collinear with the NIR pump beam. The STE magnetiza-
tion is controlled by a permanent magnet (M). The collecting 90° off-axis
parabolic mirror PM; together with the following 90° off-axis parabolic mir-
ror PM; comprise a third telescope, which expands the THz beam size. The
remaining pump light is blocked by a Si wafer, mounted near Brewster an-
gle for maximum THz transmission. On the indium-tin-oxide (ITO) coated
glass, a near-infrared femtosecond pulse (probe) is collinearly overlapped to
the THz beam path. A plane mirror directs the co-propagating beams onto
the last 90° off-axis parabolic mirror (PM3), where they are finally focused
into the electro optic-crystal (ZnTe). The optical probe samples the THz
pulse into the detection crystal, and eventually, the optical elements for the
balanced detection follow (see Section 2.3).
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Chapter 4 Plane-wavefront excitation geometry

For the variation of the NIR pump beam diameter, two successive tele-
scopes are constructed (Telescope A and B). The telescopes are designed to
achieve a range of excitation spot sizes, which follow the limitations drawn
in the previous chapter. Telescope A has a fixed ratio and is realized by a
pair of silver-coated (Ag) concave mirrors. Telescope B has a variable ra-
tio and can have three different configurations, using three different mirror
pairs and always keeping the distance of the mirrors constant. Table 4.1 con-
tains detailed information about the optical elements used for telescopes A
and B, including for each configuration the resulting theoretical NIR pump
beam diameter 2wy;gr. Those values are calculated considering as an input
of Telescope A the initial experimentally defined value of the laser output.
The initial NIR pump beam is measured to have a diameter of (7.83 £ 0.02)
mm (1/e?). The measurement is conducted in the horizontal direction of
the beam with the knife-edge method (see App. A). The second mirror of
Telescope B is mounted on a linear stage to optimize the collimation of the
outcome beam. After Telescope B, the NIR pump beam is directed by a

Telescope A

Mirror pairs Ratio | 2wyrr (1/€%)

Ag concave mirrors of
(150+250 mm) EFL

1:1.67 4.7 mm

Telescope B

Mirror pairs Ratio | 2wyrr (1/€?)

Ag plane mirrors 1:1 4.7 mm

Ag concave mirrors of
(100+200 mm) EFL

Ag concave mirrors of
(504250 mm) EFL

1:2 2.35 mm

1:5 0.94 mm

Table 4.1: Available configurations for Telescope A and B. Telescope
A has a fixed ratio, reducing the NIR pump beam size by a factor of ~1.67.
With the successive Telescope B, there are three options. Either the resulting
NIR pump beam size can be maintained by using a pair of plane mirrors, or
it can be further reduced by a factor of 2 or 5, using two different pairs of
concave mirrors. The NIR beam diameter values are theoretical calculations
based on the telescope ratios and the experimentally defined initial NIR
beam diameter (see Fig.A.2).
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4.2 Numerical simulation of THz propagation

plane mirror onto the STE, which is placed at a distance equal to the ef-
fective focal length of the collecting parabolic mirror (PMj). This distance
was chosen as optimum for an efficient THz collection by the PM;, after
numerical simulations, which are discussed in the following section (see Sec-
tion 4.2). The STE magnetization is controlled by a permanent magnet (M).
The collecting 90° off-axis parabolic mirror PM; together with the following
90° off-axis parabolic mirror PM, form a third telescope, which expands the
THz beam size by a factor of ~9.35. The ratio of the expansion-telescope
(PM; and PM>) is chosen so that, ideally, the resulting THz beam diameter
matches the diameter of the parabolic mirror integrated into the STM plat-
form. This will enable tight re-focusing, and the strong confinement of the
THz radiation will result in enhanced THz electric field amplitudes. The oft-
axis parabolic mirror PMj3 used for focusing the beams onto the EO crystal
(ZnTe) is restricted by the STM geometry. Thus it is chosen to be identical
to the one integrated into the STM platform (35 mm effective focal length,
1-inch diameter). The optical probe samples the THz pulses into the detec-
tion crystal, and eventually, the optical elements for the balanced detection
follow (see Section 2.3). Since the precise alignment of the probe and THz
beam focused onto the detection crystal is critical, note that the ZnTe is
mounted on a linear stage. Moreover, that enables further optimization of
the measured signals in relation to the crystal’s position. Mirrors are pre-
ferred over lenses to avoid temporal distortion of the ultrashort pulses. All
the mirrors used after the THz generation are gold-coated. The experimental
setup is enclosed, enabling nitrogen purging. Therefore, all measurements
can be conducted in a dry nitrogen environment to avoid the absorption of
THz radiation by atmospheric water vapor [SSGG13].

4.2 Numerical simulation of THz
propagation

Numerical simulations of THz propagation through the optical system de-
scribed above provide physical insight into how the different THz frequency
components behave along the propagation axis under excitation with dif-
ferent NIR pump spot sizes. Furthermore, through the code, the transfer
function of propagation is calculated and used later on for purposes regard-
ing the data analysis. In this section, after presenting the employed model,
some results assuming theoretical values of the NIR pump beam size -inside
the range of interest-, are demonstrated and discussed.
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Both NIR and THz radiation are modeled as Gaussian beams (see Sec-
tion 1.2). Firstly, a beam waist wyr and radius of curvature Ryrg of the
NIR pump beam are defined. The radius of curvature Ryrg is set to infinity,
given a plane-wavefront excitation. The pump beam waist selectively can
be changed for testing different NIR spot sizes. The parameters (radius and
effective focal length) of the three parabolic mirrors PM;, PM, and PMj3
following the THz generation are inserted. In addition, the THz spectrum
(w) of interest is introduced, ranging from 1 THz to 30 THz. The model
sets off with the generation of the initial THz beam parameters (radius and
radius of curvature), calculating a starting frequency-dependent complex ra-
dius of curvature grp.. For this purpose, it is assumed that the radius and
the wavefront curvature of the NIR pump beam are imprinted on the THz
field. In this regard, the Eq. 1.18 is used for the calculation, where the val-
ues for the radius and the wavefront radius of curvature of the THz beam
are substituted by those of the NIR beam (wygr, Rnir), correspondingly.
Moreover, for the wavelengths, the THz spectrum of interest is inserted.
Then, utilizing the ABCD matrix formalism (see Section 1.3), each THz fre-
quency component is propagated independently inside the optical system,
along a defined propagation axis z. The transfer matrix of the system (see
Fig. 4.1) is constructed given the alternate sequence: propagation through air
(see Eq. 1.22) and the parabolic mirrors(PM;, PM,, PM3). The parabolic
mirrors are modeled as lenses (see Eq. 1.24). This calculation yields the
knowledge of ¢rp.(z,w) parameter -from which the THz beam radius and
radius of curvature can be extracted-, along the whole propagation axis, for
all THz frequencies. Note that the Si-wafer and the ITO are neglected in the
simulations, since they have no effect on the propagation characteristics of
the THz beam. In parallel, the on-axis (x=y=0) THz field amplitude A(z,w)
of the spectrum along the propagation axis z is calculated by employing the
Eq. 1.20 and the respective qrp.(z,w) parameter. Therefore, the transfer
function of propagation H,,.,(w), can be estimated by the relation:

Aout (w)
Ain(w)

Hprop(w) = (4.1)

where A;,, = 1, is an implemented artificial flat spectrum, which corresponds
to the initial electric field strength of the THz components, and A,,;(w) is the
calculated on-axis THz field amplitude, at the position of the propagation
axis which corresponds to the focal point of the last parabolic mirror (PMs),
i.e., the position where the EO crystal would be located.

Considering the optical system described in Section 4.1 and given the ex-
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4.2 Numerical simulation of THz propagation

pected theoretical values of the NIR pump beam diameter of Table 4.1, the
beam radius of the THz frequencies along the propagation axis is calculated
and plotted for the three different cases. Figure 4.2 depicts the results, as-
suming the NIR pump beam diameter to be 2wy;r = 4.7mm. For simplicity,
only selected frequency components are plotted.

NIR Pump Beam THz radiation PM, PM;

PM
2wyr = 4.70 mm !
e STE EO crystal
or
STM tip
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Figure 4.2: Assuming a NIR pump beam diameter of 4.70 mm, the beam
radius w(z) for four selected THz frequencies along the propagation axis z is
numericaly calculated and plotted. The sketch above the graph is a visual
description of the THz generation and propagation through the simulated
optical system. At the position of the last parabolic mirror PM3 an aperture-
limited beam radius is observed, and its value is defined by the size of the
PMs3 (1-inch).

The sketch above the graph visually describes the THz generation and
propagation through the simulated optical system. The position of each
element drawn in the figure directly correlates to the positions along the
propagation axis on the plot below them. The collimated NIR beam has a
specific diameter and excites the STE under normal incidence. The STE is
drawn to be at z=0. There, the assumption that the NIR beam parameters
are imprinted on the THz field applies, and the model of the THz propaga-
tion is initiated. Then, the two parabolic mirrors (PM; and PM,), which
realise the telescope for enlarging the THz beam follows. Next, a propagation
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Chapter 4 Plane-wavefront excitation geometry

distance of 250 mm is implemented, and it is defined by the position of the
last parabolic mirror PMj3 used to focus the THz beam onto the EO crystal
or STM tip. On the plot, the horizontal small dashed red line indicates the
aperture of the last parabolic mirror PM3. At this position, an immediate
drop in the beam radius is observed. The size of the beam is limited by the
size of the P M3, which has a diameter of 1-inch. If w > Rj3, the beam radius
is set to be equal to the radius of the mirror.

Figure 4.3 depicts similar results, but assuming the NIR pump beam
diameter to be 2wyrgr = 2.35 mm, i.e., twice smaller than the previous
value.
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Figure 4.3: Assuming a NIR pump beam diameter of 2.35 mm, the beam
radius w(z) for four selected THz frequencies along the propagation axis z is
numerically calculated and plotted. The sketch above the graph is a visual
description of the THz generation and propagation through the simulated
optical system. For the low frequencies, a divergence occurs at the starting
position. Although the collection, propagation, and re-focusing by the last
parabolic mirror PMj3 seems efficient for all THz frequencies.

By reducing the excitation spot size, the resulting THz beam, especially
for the low frequencies, becomes divergent. In this case, the aperture effect
is not present. Entering the telescope with a smaller THz beam size than
before, the resulting enlarged beam will also have a smaller size. Note the
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4.2 Numerical simulation of THz propagation

different y-axis scaling compared to the previous graph (Fig. 4.2). The col-
lection, propagation, and re-focusing for all THz frequencies look efficient.

Last, Figure 4.4 depicts similar results, but assuming the NIR pump
beam diameter to be 2wyxrr = 0.94 mm.

NIR Pump Beam THz radiation PM, PM,
2wyir = 0.94 mm STE PM,
EO crystal
or
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Figure 4.4: Assuming a NIR pump beam diameter of 0.94 mm, the beam
radius w(z) for four selected THz frequencies along the propagation axis z is
numerically calculated and plotted. The sketch above the graph is a visual
description of the THz generation and propagation through the simulated
optical system. The generated THz frequencies diverge pretty fast, leading
to insufficient propagation through the optical system, and in the end, to
less tight re-focusing onto the EO crystal or STM tip.

In this case, even higher THz frequencies diverge pretty fast. Therefore,
especially for smaller excitation spot sizes, it is crucial that the STE is placed
at a close distance with the collecting parabolic mirror PM;. Looking at the
case of 1 THz, it is obvious that its propagation through the optical setup
becomes insufficient, leading to a less tight re-focusing on the EO crystal or
STM tip, meaning in less enhanced THz field amplitudes.

To quantify all the above discussion, the transfer function of propagation
Hop(w) is calculated for several NIR pump beam diameters 2wy;pg -inside
the range of interest-, and plotted versus the THz frequency components.
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Fig. 4.5 depicts the results.
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Figure 4.5: The transfer function of propagation H,,,, is numerically calcu-
lated and plotted versus the THz frequency spectrum for different excitation
NIR pump beam diameters 2wyrr. The transfer function of the system is
limited by the aperture defined by the size of the re-focusing parabolic mir-
ror PMj3 (1-inch). In terms of propagation, the plot suggests that the ideal
excitation spot size is ~3 mm.

The transfer function is frequency-dependent and is the result from the
division of the on-axis THz field amplitude calculated on the point of interest
(the focal point of the last PMj, where the EO crystal or STM tip is located)
divided by the initial field strength (see Eq. 4.1). Thus, the value of H,.,, in-
dicates how strongly the THz field is enhanced for each THz frequency after
the propagation through the optical setup at the final re-focusing point onto
the EO crystal or STM tip. In all cases, the results demonstrate that the
high THz frequencies propagate more effectively than the low THz frequen-
cies, resulting in stronger field enhancement. That is expected since the low
THz frequencies exhibit higher divergence, leading to a less efficient collec-
tion, propagation, and re-focusing. The previous plots show that the effect
becomes more prominent for smaller excitation beam diameters. Overall,
by decreasing the NIR spot size, the propagation and the tight re-focusing
become less efficient for every THz frequency component, which is reflected
by the total reduction of the transfer function values.

Furthermore, one should note that the aperture of the last parabolic
mirror PM; limits the transfer function. All calculated curves overlap for
excitation beam sizes larger than ~3 mm. The aperture effect is frequency-
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4.2 Numerical simulation of THz propagation

independent and purely geometrical, dictated by the size of the re-focusing
parabolic mirror PMj (1-inch diameter). This result is also demonstrated in
Fig. 4.6, which shows the H,,,, plotted versus the NIR pump beam diameter
2wnrr, for selected THz frequencies.
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Figure 4.6: Transfer function of propagation H,,,, versus NIR pump beam
diameter 2wy g, for selected THz frequencies. The transfer function is lim-
ited by the aperture of the re-focusing parabolic mirror PM3. The aperture
effect is purely geometrical: for NIR beam diameters larger than ~3 mm,
the transfer function remains constant for each THz frequency.

The bigger the NIR spot size, the bigger the expanded THz beam reaches
the last parabolic mirror PMj (see Fig. 4.2, 4.3 and 4.4). Therefore, once the
aperture effect is present, by increasing the NIR pump beam diameter (e.g.,
from 3 mm to 4 mm ), a larger part of the THz beam is lost and can not be
collected and re-focused by the parabolic mirror PMj3. Nevertheless, from
the results demonstrated in the last two plots (see Fig. 4.5 and 4.6), this
does not impact the transfer function and thus does not impact the on-axis
THz field: for NIR beam diameters larger than ~3 mm, the calculated value
of the transfer function is constant for each THz frequency, independent of
the excitation spot size. That result agrees with what is expected as the
aperture effect causes the removal of THz power and does not reduce the
on-axis field.

To conclude, given just the THz propagation, the ideal NIR pump beam
diameter which will provide the highest THz field amplitudes is ~3 mm.
However, this is not the only parameter that needs to be considered. The
THz field is expected to scale with fluence, i.e., decrease quadratically with
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Chapter 4 Plane-wavefront excitation geometry

the NIR pump beam radius. The propagation and the fluence argument are
two effects that counter each other.

4.3 Experimental details and data analysis

In the experiment, the STE is excited by the NIR collimated linearly-polarized
pulsed laser pump beam under normal incidence from the substrate side. A
magnet is mounted above the STE, parallel to the optical table, to saturate
the in-plane magnetization. By varying the optical elements of Telescope B
(see Table 4.1), different NIR pump spot sizes are tested, and the depen-
dence of the THz field on the excitation spot size is investigated. Since the
employed laser source (see Section 2.1) provides a variable repetition rate op-
eration, measurements at 0.5 MHz and 1MHz are conducted, and the emitted
THz field in relation to the repetition rate is examined. Table 4.2 gives an
overview for the employed configurations of Telescope B; the achieved NIR
pump beam diameters (1/€?) and the repetition rates used for each case. For
every telescope arrangement, the resulting NIR beam size is characterized in
the horizontal direction of the beam with the Knife-edge method (App. A).
The measurements are performed closest possible to the STE position.

Telescope B 2wyrr (1/€%) Repetition rate
Ag plane mirrors (3.63 + 0.02) mm 1 MHz

Ag concave mirrors of
(1004200 mm) EFL
Ag concave mirrors of
(50+250 mm) EFL
Ag concave mirrors of
(504250 mm) EFL

(1.48 + 0.03) mm 0.5 MHz

(1.05 £ 0.03) mm | 0.5 MHz, IMHz

(0.81 & 0.03) mm | 0.5 MHz, 1MHz

Table 4.2: Employed parameters.

Note that the smallest employed spot size (0.81 4+ 0.03) mm is real-
ized by the same telescope configuration used for the third case (Telescope
B: Ag concave mirrors of (504250 mm) EFL). That is possible by moving
slightly the linear stage on which the second concave mirror (50 mm EFL)
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of Telescope B is mounted, and thus reducing the distance between the two
mirrors. Moving the concave mirror out of its optimal position can lead to a
non-collimated beam. Nevertheless, the mirror is moved by ~3 mm. Thus,
the divergence of the resulting beam is small enough, and a plane-wavefront
excitation can be assumed.

After changing the telescope arrangements, for the variation of the NIR
pump spot sizes, each time, a really precise alignment with a camera for
the focus and spatial overlap of the probe and THz beam incident onto the
electro-optic detection crystal (ZnTe) is performed. For that purpose, the
ZnTe is mounted on the linear stage with a magnetic mount. The crystal is
replaced temporarily by the camera until the end of the alignment. The mag-
netic mount allows a reproducible positioning of the crystal, ensuring that
the detector is always illuminated in the same spot, and a safe comparison
of the experimental data can be made. Then, the crystal has to be placed in
the focus position. By moving the linear stage along the propagation axis of
the beam, green light generation on the crystal surface indicates the focus
position. With that as a reference position, the detector is moved along the
propagation axis of the beam in a range within the Rayleigh length of the
probe beam, and THz transients are recorded in some positions. Last, the de-
tector is fixed where the optimum signal is observed. However, no significant
difference in the measured signals and corresponding spectral amplitudes is
observed when moving from the focus position within the Rayleigh length of
the probe beam.

For each NIR pump spot size, THz waveforms are measured with EOS
detection (see Section 2.3) after excitation with high, intermediate, and low
laser pump powers. As expected, the different power values influence mainly
the amplitude of the signal and not the waveform shape. The measured
THz waveforms with their corresponding spectral amplitudes, obtained via
Fourier transform (see Eq. B.1), are displayed in the App. C.1. After ensuring
that the waveform peaks do not shift with power, operating at the specific
delay where the peaks appear, power scans are performed, and the peak THz
signals are recorded. The pump power is controlled by two neutral density
filters (ND) linearly varying in optical density. The filters are integrated into
the pump beam path on a motorized stage. Also, a chopper wheel chops the
THz generation beam (pump beam) for increasing the signal-to-noise ratio
with lock-in detection (modulation frequency 607 Hz).

Furthermore, a reference THz waveform is recorded for each data set of
the power scan. This trace is used for the ’translation’ of the electro-optic
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signals S(t) (mV) -which consist raw data- to THz electric fields (kV /cm).

From the electro-optic signals to the THz electric fields incident
onto the detector. There is a linear relationship between the measured
THz electro-optic signal S(t) and the THz electric field Ez(t) incident onto
the detector. Particularly, S(t) is the convolution (see Eq. B.3) of the Ege(t)
with the response function hge(t) of the detection crystal.

S(t) = haee(t) * Eges(t). (4.2)

The response function is determined by the parameters of the employed
electro-optic crystal and the sampling pulse [[KNWO07]|. The script used for
those calculations is provided by the research group of Tobias Kampfrath.
In the code, with the equidistant sampling of the measured S(¢) and the
calculated hge(t), Eq. 4.2 can be rewritten as an overdetermined matrix
equation and numerically solved for Ez(t) [SIM716]. Furthermore, Fourier-
transforming (see Eq. B.1) the deconvoluted trace Ey.(t) yields to the spec-
tral amplitude Ege(w).

From the numerical simulations of the THz propagation through the
optical system, described in Section 4.2, the transfer function of the prop-
agation can be calculated for the given NIR pump beam size. That can
be utilized for evaluating the THz fields directly emitted by the spintronic
emitter. In this regard, the spectral amplitude Esrp(w) emitted directly by
the STE is considered as the input to the optical system, and the spectral
amplitude Ege(w) incident onto the detector as the output.

From the THz electric fields incident onto the detector to the
THz electric fields directly emitted by the STE. To proceed from the
deconvoluted THz field spectrum Ey.,(w) incident on the detector to the THz
electric field spectrum Egrp(w) directly emitted by the STE, we note that
those two quantities are connected by the transfer function H,,,,(w),which
captures the propagation through the optical setup, as follows

Eiet(w) = Esrp(w)Hprop(w). (4.3)

This approach assumes a perfect alignment of the whole optical setup and
perfect Gaussian beams. The H,..,(w) is calculated as described in Sec-
tion 4.2 for all employed NIR pump spot sizes. Figure 4.7 depicts the re-
sults.
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Figure 4.7: The transfer function of propagation H,,,, is numerically calcu-
lated and plotted versus the THz frequency spectrum for the four employed
experimentally defined excitation NIR pump beam diameters 2wyrg.

Also, the beam radius of the THz frequencies along the propagation axis
is numerically calculated and plotted for all used pump spot sizes. The
results can be found in App. C.2. For simplicity, only selected frequency
components are depicted.

All the measured and the deconvoluted reference THz waveforms, with
their corresponding spectral amplitudes, are shown in App. C.1.2. Relating
the peaks of the measured and resulting deconvoluted waveforms, two con-
version factors are extracted and rescale the power scan data from S to Fge
(factor a) and from FEg to Esrp (factor b). All the above-described pro-
cesses is summarized in the flowchart of Fig. 4.8. In this diagram, the THz
traces of (1.48 £+ 0.03) mm NIR pump spot size are used as an example.
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Figure 4.8: Flowchart of the data analysis. (a) Measured and (b), (c)
deconvoluted reference THz waveforms, with their corresponding spectral
amplitudes. The measured electro-optic signal S(t) is obtained after excita-
tion with (1.48 + 0.03) mm NIR pump spot size, 740 W average power, and
operating at 0.5 MHz repetition rate.
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4.4 Results and discussion

As it is summarized in Table 4.2, three NIR pump spot sizes are employed
for the excitation of the spintronic emitter operating at 0.5 MHz and three at
1 MHz repetition rate. Based on the data analysis described in Section 4.3
the THz electric field amplitudes Fy4.; incident onto the detection crystal,
and then the emitted THz fields Egrgp are extracted from the measured
electro-optic signals S(t). A characteristic example of the deconvoluted THz
waveform traces is depicted in Fig. 4.9.

THz electric field
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Figure 4.9: (a)Deoconvoluted THz waveforms with their (b) corresponding
spectral amplitudes of the THz field incident onto the detector Eg4; and
the emitted THz field Fgrp. The measured electro-optic signal, from where
the depicted traces are extracted as described in Section 4.3, is obtained
after excitation with 1.05 mm NIR pump spot size, 0.5 MHz repetition rate
operation and 518 W pump power.

In this section, the results of the powers scans performed for each case are
compared and discussed. Relating the peaks of the measured and resulting
deconvoluted waveforms, two conversion factors are extracted and rescale the
power scan data from S to Ey, (factor a) and from Ey.; to Egrp (factor b) as
depicted in Fig. 4.8. The first part of this section deals with the dependence
of the THz field on the NIR pump spot size used to excite the STE. In the
second part, the THz field scaling under variable repetition rate operation is
examined.
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4.4.1 Dependence of the THz field on the pump spot
size

THz field incident onto the detector

Based on the data analysis described in Section 4.3 the THz electric field
amplitudes Fy; incedent onto the detection crystal are extracted from the
measured electro-optic signals S(t). Fig. 4.10 shows the THz electric field
Ege: plotted versus (a) fluence and (b) average power, measured for three NIR
pump spot sizes at 0.5 MHz repetition rate. In the curves of Figure 4.10(a)
sublinear fits (see Eq. 3.3) are applied.
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Figure 4.10: THz electric field Ey.; incident onto the electro-optic detection
crystal versus (a) fluence and (b) average power measured for three different
NIR pump spot sizes at 0.5 MHz repetition rate. In plot (a), the lines
are sublinear fits to the experimental data, and the fitted parameters n are
depicted. Also, for each case, the maximum employed average power is
indicated.

First, nearly linear fluence/power scaling is observed for all excitation
spot sizes. There is no significant saturation for any case, which is also
indicated from the fitted n parameters whose values are close to one. The
curve for the smallest employed spot size (0.81 mm) deviates a bit more from
the linear scaling, and a slight change of the slope occurs around 0.3 m.J/cm?
fluence value. Second, considering vertical cuts through the plots of Fig. 4.10,
the next observation is that the THz electric field at the detector increases
with increasing NIR pump spot size at constant fluence/power. That is

o4
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attributed to propagation effects and tighter re-focusing on the detector,
which occurs for larger excitation pump beams (see Section 4.2).

Fig. 4.11 shows the THz electric field Fy4; plotted versus (a) fluence
and (b) average power, measured for three NIR pump spot sizes at 1 MHz
repetition rate. In the curves of Fig. 4.11(a) sublinear fits (see Eq. 3.3) are
applied.

(i) 1 MHz 2wyr (176)

©3.63 mm 21.05 mm 0.81 mm

@ S S ®

. .
Prax= 921 mW g

" n=085

o
%

o
=
T

N
N
N

=]
i
T

Edc[(kV/cm)
Edcl(kV/cm)

o ] fﬁ
R
1 02t 28" b6 0 0 090
KA 000 ¢ 00
0
o
0, 1 1 l" 1 1 1 0 /M . . . .
0 0.1 02 03 0.4 0.5 0.6 0 200 400 600 800 1000
fluence (mJ/cm?) power (mW)

Figure 4.11: THz electric field Fy.; incident onto the electro-optic detection
crystal versus (a) fluence and (b) average power measured for three different
NIR pump spot sizes at 1 MHz repetition rate. In plot (a), the lines are sub-
linear fits to the experimental data, and the fitted parameters n are depicted.
Also, for each case, the maximum employed average power is indicated.

First, nearly linear scaling is observed for the curves of the small (0.81
mm) and intermediate (1.05 mm) employed NIR pump beams, similar to
the previous results for 0.5 MHz repetition rate (see Fig. 4.10). However,
the curve for the biggest spot size (3.63 mm) exhibits a sublinear scaling
(n=0.71). That might be assigned to the plasma generation from the tightly
focused residual NIR pump beam in the THz beam expansion telescope
(PM; and PM,). Because of limited space, the Si wafer, which filters out
the remaining NIR pump beam, is placed after the parabolic mirror PM,
(see Fig. 4.1). Therefore, the optical pump beam is tightly focused within
the telescope -together with the THz beam- generating plasma. Compared
to the other used pump beam spots, in this case, the plasma generation
is more prominent since the larger the NIR beam reaching the PM;, the
tighter the resulting focus. The plasma is a local effect and happens in a
small area defined by the NIR beam waist in the focus position. Thus, a
tiny fraction of the focused THz beam experiences it. Since the high THz
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frequencies are the ones focused tighter (see Fig. C.11), it is expected that
they are going to be the ones affected stronger. The plasma could be seen
during the experiments, but we cannot quantify its effect.

Furthermore, in Fig. 4.11(a), the THz electric field at the detector in-
creases with increasing NIR pump spot size at constant fluence, similarly to
the previous results for 0.5 MHz repetition rate (see Fig. 4.10(a)). Note that
the green curve, which corresponds to the largest employed pump spot (3.63
mm), is limited to small fluence values because of the limited available laser
power. With a laser source delivering larger average powers, larger fluence
values could be achieved, thus even larger THz fields. On the other hand,
in Fig. 4.11(b) where the Eg is plotted versus the average power, the field
amplitude for the largest employed pump beam exhibits lower values when
compared with the other two cases. That reflects that the emitted THz
field scales with fluence, i.e., decreases quadratically with the pump beam
radius.

Balancing between the excitation fluence and THz propagation is re-
quired for achieving the highest THz fields on the detector. To summarize is
helpful to look at the Eq. 4.3. The THz field at the detector is determined
by the emitted THz field from the STE and the THz propagation through
the optical system. The propagation predicts that up to a certain pump spot
size value, limited by the aperture of the re-focusing parabolic mirror PMs,
the THz electric field incident onto the detector increases with increasing
pump spot size (see Section. 4.2). On the other hand, opposite to this, the
emitted THz field from the STE is expected to scale with fluence, and thus
to scale down quadratically with the pump spot size (see Eq. 3.2). From
Fig. 4.10(a) and Fig. 4.11(a) it seems that the THz propagation dominates
the THz field on the detector. In our specific setup geometry, the option of
increasing the fluence by decreasing the pump spot size does not provide the
best performance in terms of the measured THz fields since small pump spot
sizes prohibit tight focusing on the detector due to smaller beam expansion
(by the expansion telescope realized by PM; and PM,). On the contrary,
too large pump beams can yield reduced fields as a result of limited flu-
ence/power. Due to those two competing effects, an optimum NIR pump
spot size should exist for the specific setup. The biggest employed pump
beam (3.63 mm) lies above the optimum value, and the rest used pump spot
sizes below. Testing more excitation beam sizes is not possible because of
the limited telescope arrangements in the setup.
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THz field emitted by the spintronic emitter

Proceeding with the data analysis as described in the previous section, the
propagation effects are eliminated by utilizing the simulated transfer function
(see Eq. 4.3), and the THz field emitted by the STE is calculated. Thus,
a further understanding of its fluence/power scaling under excitation with
different pump beam sizes is examined. Figure 4.12 shows the emitted THz
electric field Esrg plotted versus (a) fluence and (b) average power for the
three employed NIR pump spot sizes at 0.5 MHz repetition rate.
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Figure 4.12: Emitted THz electric Fgpp from the spitronic emitter versus
(a) fluence and (b) average power, for three different pump spot sizes at 0.5
MHz repetition rate.

When comparing different pump spot sizes, the results suggest that the
emitted THz field is constant at constant power and not fluence. That is
opposite to the expectations. Particularly, in Fig. 4.12(a), the field exhibits
the largest values under constant fluence with increasing pump spot size.
The emitted THz field is expected to scale with the fluence, and thus to scale
down quadratically with the pump spot size at a fixed power. In this regard,
it is helpful to remember the previously provided Eq. 3.2. In Fig. 4.12(b),
a slight reduction of the field under constant power is observed for 1.48 mm
pump beam size. However, it is not reduced as much as expected for a
reduced fluence in comparison to the fields achieved with the other pump
beams.
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Figure 4.12 shows the emitted THz electric field Esrp plotted versus (a)
fluence and (b) average power for the three employed NIR pump spot sizes
at 1 MHz repetition rate.
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Figure 4.13: Emitted THz electric Egrp from the spitronic emitter versus
(a) fluence and (b) average power, for three different pump spot sizes at 1
MHz repetion rate.

Similar to the previous results, for 1.05 mm and 0.81 mm pump spot size,
the emitted THz field is constant under constant power and not fluence.
However, it is significantly decreased for the 3.63 mm pump beam when
plotted versus power. In this case, the field is reduced as expected for a
reduced fluence compared with the other cases.

Overall, we find that for the smaller employed pump beams, the emitted
THz field is determined by the power and not the fluence, i.e., it is inde-
pendent of spot size. However, at the larger used pump beam (see 3.63 mm
@1 MHz on Fig. 4.13(b)), the field is reduced as expected for a reduced
fluence.

A possible explanation for this deviation could occur from the propaga-
tion properties of the THz radiation. For pump beams much smaller than
the THz wavelengths, the wave propagation is diffraction limited. The re-
search of Dreyhaupt et al. [DWHDO6| on the THz radiation produced by
photoconductive switches demonstrates that the THz emission exhibits dif-
ferent dependencies on the pump spot size in the following two limiting cases

P? P,
(A) wNIR > ArH:: Pro.x ZQWR =  FBErp, x ]\;IR (4.4)
WNIR TWNIR
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(B) wnir <K )\THz : PTHZ X P]%URw]zVIR = ETHZ 0’ PNIR- (45)

Eq. 4.4 and Eq. 4.5 are derived from the results and formulas shown in
that work. Py is the excitation average power, and wyrg is the pump
beam radius. Prpg. and Epp. are the emitted THz power and field, re-
spectively. For the transition from the Prpy. to Erpy. the proportionality
Pry. o< E2, mw3y;p is considered. The regime (A), where the employed
pump spot size is much bigger than the THz wavelengths, is expected by the
normal emission: the emitted THz field scales with fluence thus scales down
quadratically with the pump beam radius at fixed power. On the other hand,
on the regime (B), for an excitation spot size much smaller than the THz
wavelengths, the emitted THz field is determined by the power, and it is spot
size independent. Even though our results could suggest such an explana-
tion, since for the small used pump beams (0.81 mm, 1.05 mm, 1.48 mm), the
field scales with power, and for the largest pump beam (3.63 mm) scales with
fluence, there is no indication that we operate into the sub-diffraction regime.
All employed pump spot sizes are larger than the wavelengths of the emitted
THz spectrum, which approximately ranges from 300 ym to 10 ym. There
is uncertainty on the measured pump beam sizes, as they are characterized
just on the horizontal axis of the beam, and maybe they are not measured
exactly to the STE’s position. However, the errors are not so large that the
measured values could be in the sub-diffraction limit. Moreover, a transition
from the diffraction-limited regime to the normal emission regime should
cause measurable changes in the spectral amplitudes. The low frequencies
-having bigger wavelengths- are more sensitive to the subwavelength volumes
when the pump spot size gets smaller; thus, the short wavelengths propagate
more efficiently to the far-field. Therefore, a blue-shifted spectrum should
be observed moving to smaller excitation spots. Based on the deconvoluted
spectral amplitudes on Fig. C.7 and Fig. C.10 this is not observed.

Experimental difficulties and errors can also cause deviations from the
expected scaling. The alignment of the beams on the detection crystal has
a crucial role in the measurements. The THz electric field is a local quan-
tity that varies over the pump spot. If perfect aligmnent and a ’point’-
probe beam are assumed (see Section 2.3, Fig. 2.6), the observable of the
electro-optic sampling detection is the (on-axis) THz field at the spot cen-
ter. However, in case of an 'non-point’-probe, i.e., a large focused probe
beam a THz field average over the probe spot is measured instead of the
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on-axis field, which could cause deviations from the expected scaling. Nev-
ertheless, a careful and precise alignment of the probe and THz beam on the
electro-optic detection crystal is done (see Section 4.3), and confidently a
'point’-like probe can be assumed in the performed experiments. Therefore,
it is unlikely to explain the observed deviations from that point of view.

Last, the emitted THz field is obtained through the use of the numeri-
cally calculated transfer function of propagation (see Section 4.3, Eq. 4.3).
This approach assumes a perfect alignment of the whole optical setup and
perfect Gaussian beams. In reality, though, those assumptions may are not
absolutely accurate. The validity of the transfer function is not yet tested.
However, that is a crucial component that will allow safe conclusions about
the scaling of the emitted THz field with power/fluence. In Fig. 4.14 one
of the extracted THz waveforms of the emitted THz field Egrp is plotted.
Together with it, a THz transient of the emitted THz field obtained in an 80
MHz oscillator system, provided by the research group of Tobias Kampfrath,
is depicted and used as a reference for comparisons. Similar traces can be
found on [RBNT21], [JCGNT21|. The curves are normalized to their min-
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Figure 4.14: THz transients of the emitted field Fgrg. The red curve is
extracted from the signal measured at 0.81 mm NIR pump spot size at 0.5
MHz repetition rate operation. The blue curve is used as a reference for
shape comparison. The curves are normalized to their minima.

We obtain a very similar THz waveform shape as the reference curve. That
is an indication that the frequency-dependence of the transfer function is
correct. However, further work is needed to test the validity of the transfer

60



4.4 Results and discussion

function and clarify its role for the observed scalings. For that purpose, the
use of well-understood THz emitters, like ZnTe or GaP, where one precisely
knows what to expect, can help. Such measurements are not performed in
this thesis.

4.4.2 Dependence of the THz field on the repetition
rate

Based on the data analysis described in Section 4.3 the THz electric field
amplitudes Fy.; incident onto the detection crystal are extracted from the
measured electro-optic signals S(t). Fig. 4.15 shows the THz electric field
Ege; plotted versus (a) the pulse energy and (b) the average power, measured
for 0.81 mm NIR pump spot size at variable repetition rates of 0.5 MHz and
1 MHz.
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Figure 4.15: THz electric field Fy.; incident onto the electro-optic detection
crystal versus (a) pulse energy and (b) average power measured for 0.81 mm
NIR pump spot sizes at variable repetition rates of 0.5 MHz and 1 MHz.

First, no saturation effects and identical power scaling for both repetition
rates are observed. This demonstrates that no single-pules saturation effects
are present. Second, the results suggest that for a constant pump spot
size and variable repetition rate, the THz electric field at the detector is
constant for constant power and not pulse energy. That is contrary to the
expectations. Specifically, in Fig. 4.15 when the field is plotted versus pulse
energy, it exhibits almost double field amplitudes for 1 MHz repetition rate
operation. Measurements with varying the repetition rate are performed for
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Chapter 4 Plane-wavefront excitation geometry

1.05 mm pump spot size as well (see Table 4.2). However, since they exhibit
similar behavior are not presented here.

The THz field, in contrast to THz power, depends only on properties
of the single pulse as pulse energy, pulse duration, and fluence, but not on
an average quantity such as the pump power. The strength of the emitted
THz field is proportional to the induced current in the STE, which relates
to the number of carriers excited per pulse. The number of excited electrons
is a function of the energy absorbed in the metallic layer during the pulse.
If the repetition rate at constant power is doubled, as in this case, from 0.5
MHz to 1 MHz, a single pulse has only half of the energy content. Therefore,
the induced current and thus the emitted THz field should be reduced by a
factor of two. That is accurate only if the pulses can be considered isolated,
i.e., there are no memory effects between two successive pulses. In this case,
with MHz repetition rates operation, the time between two pulses is in the
range of 1us. In this time frame, the STE should have completely relaxed
to its ground state before the next pulse arrives; thus, there are no memory
effects expected. Hence for a constant pump spot size and variable repetition
rate, the THz field is expected to stay constant for constant pulse energy and
not power. The opposite observation can be explained just by assuming that
there is a factor of two missing in the calibration/analysis process, which is
not easy to identify up to now.
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Chapter 5

Conclusions and Outlook

The work presented here attempts to define optimized excitation conditions
for the spintronic THz emitter (STE), aiming at high THz electric field am-
plitudes for THz-STM application, at MHz repetition rates, and microjoules
pulse energies.

The THz-gated scanning tunneling microscopy enables the study of ul-
trafast dynamics of optical excited systems with femtosecond temporal and
atomic-level spatial resolution. In this technique, the electric field of a single-
cycle THz pulse acts as a quasi-static bias voltage modulation of the STM
junction, resulting in a time-dependent current response. An essential ingre-
dient for obtaining measurable currents in the THz-STM is the high repe-
tition rate of the laser source. In this respect, repetition rates in the MHz
range are desirable. Moreover, to get sufficient THz bias, THz-STM demands
high incident THz fields at the STM tip (~ kV/cm). With a parabolic mir-
ror integrated into the STM platform, the THz pulses are focused at the
STM tip, enhancing the THz field amplitudes. Furthermore, the achieved
time resolution in THz-STM is defined by the temporal variation of the THz
pulse. Besides other advantages, the STE is a very well-suited THz source for
THz-STM due to its fast transients and extremely large bandwidth, which
enable very fast voltage modulation in the STM, increasing the achievable
time resolution.

In this work, an OPCPA (Optical Parametric Chirped-pulse Amplifica-
tion) laser system is employed. It is an amplified laser system, which delivers
ultrashort laser pulses of ~8 fs duration, centered at 800 nanometers. It op-
erates with a variable high repetition rate of 0.5 MHz or 1 MHz, resulting in
6 pJ or 3 uJ pulse energies, respectively. Through the THz excitation setup,
we aim to achieve high THz electric field amplitudes at the STM tip. To
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meet that goal, optimizing the excitation fluence for the STE -at the given
laser parameters-, for achieving high emitted THz powers is required. At
the same time, an efficient THz propagation through the optical setup is
necessary for tight focusing onto the STM tip, where the strong confinement
of the THz radiation will result in enhanced THz field amplitudes.

The initially employed excitation geometry of the STE, in combination
with the laser parameters, causes several unwanted effects which limit the
THz emission and propagation efficiency, making it hard to achieve high THz
fields. In that geometry, the STE can be excited under normal incidence at
any position along a tightly focused NIR pump beam, providing the flexibility
to vary the pump spot size and fluence incident to the emitter. Placing the
STE inside or close to the NIR focus for excitation with small spot sizes and,
thus, high fluence, ablation can irreversibly damage the spintronic emitter
with increasing power. Moreover, in that regime, saturation effects and
emission from subwavelength volumes can drastically reduce the emission
efficiency of the STE, leading to smaller THz field amplitudes. For excitation
with larger spot sizes that will help handle those effects better, the emitter is
placed further away from the NIR focus position. In turn, this gives rise to
strong chromatic aberrations, leading to inefficient propagation of the THz
radiation inside the optical setup and finally inefficient re-focusing onto the
STM tip, which drastically reduces the achievable THz amplitudes.

After attempting to disentangle those effects through measurements and
simulations, a new optimized excitation geometry is designed and built based
on the acquired knowledge. The new geometry enables the use of different
NIR pump beam sizes. Thus, optimum THz propagation and excitation
conditions, which will provide higher THz fields amplitudes, are investigated.
Furthermore, the STE is now excited with a collimated NIR pump beam to
reduce chromatic aberrations. The off-axis parabolic mirror required for
re-focusing the beam onto the detection crystal is restricted by the STM
geometry. Thus it is chosen to be identical to the one integrated into the
STM platform. For tight focusing of the THz beam onto the STM tip or the
detection crystal, the THz beam size is expanded to match the size of the
re-focusing parabolic mirror through an expansion telescope.

In the experiments, three NIR pump spot sizes are employed for the
excitation of the spintronic emitter operating at 0.5 MHz and three at 1
MHz repetition rate. The THz radiation is detected through the electro-
optic sampling technique. For each case, power scans are performed. After
data analysis, the THz electric field amplitudes Fy.; incident onto the detec-
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tion crystal are extracted from the measured electro-optic signals S(t). The
THz field incident onto the detector or the STM tip depends on the emitted
THz field from the STE and the THz propagation through the optical sys-
tem. Therefore, achieving the highest THz field at the experiment requires
balancing the excitation fluence and the efficiency of the THz propagation.
The results demonstrate that the THz propagation dominates the THz field
on the detector. In our specific setup geometry, increasing the fluence by
decreasing the pump spot size does not necessarily provide the best perfor-
mance in terms of the measured THz fields since the small pump spot sizes
prohibit tight focusing on the detector due to smaller beam expansion. On
the contrary, too large pump beams can yield a reduced field due to limited
available fluence/power. Due to those two competing effects, an optimum
NIR pump spot size should exist for the specific setup. The results show
that the biggest employed pump spot size lies above the optimum value, and
the other used pump beam sizes below. Because of limited telescope arrang-
ments, which enables the variation of the pump spot size, testing more beam
values was not possible in the experiments.

Furthermore, after numerical simulations modeling the THz propagation
through the optical system, the transfer function of propagation is calculated.
Therefore, by employing the numerically calculated transfer function, the
propagation effects are eliminated, and the emitted THz field is extracted.
The results demonstrate that the THz field emitted by the STE scales with
the average power for the smaller employed pump beams, independent of
the spot size. On the contrary, for the largest employed pump spot size,
the emitted THz field scales with the fluence, as expected. That difference
can be assigned to a diffraction-limited emission for cases where the pump
spot size is much smaller than the THz wavelengths. More measurements
with more pump spot sizes are required to confirm that assumption and
ensure that the observed behavior is not an artifact. Unfortunately, the
limited telescope arrangement with which the NIR pump spot size is varied
does not allow testing more pump beams in the current setup. Therefore,
that could be a task of future work. Furthermore, an essential factor that
will allow us to draw safe conclusions about the emitted THz filed scaling
is validating the modeled transfer function employed to extract the fields.
For that purpose, the use of well-understood THz emitters, like ZnTe or
GaP, where one precisely knows what to expect, can help. However, such
measurements are not within the scope of this thesis, and they could be a
task of future work.

Finally, the THz field dependence on the repetition rate is examined.
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First, no saturation effects and identical power scaling for varying repetition
rates are observed. This indicates that no single-pules saturation effects are
present in our conditions. Moreover, the results show that for a constant
pump spot size and variable repetition rate, the THz electric field at the de-
tector is constant for constant power and not pulse energy. That is opposite
to the expectations. We assume that there is a factor of two missing in the
analysis, which could not be identified.

Currently, a new laboratory is being built in the group, where a different
laser system is installed, and the excitation conditions of the STE have to
be defined. Based on a solid-state laser (CARBIDE laser from Light Con-
version), it provides pulses of ~ 200 fs duration, centered at 1030 nm. The
pulses are spectrally broadened by a multiplate compressor and subsequently
recompressed, eventually resulting in ~ 35 fs duration. It can operate at a
variable repetition rate of 1 MHz and 2 MHz, delivering 40 pJ and 20 pJ
pulse energies, respectively. As demonstrated, to avoid saturation effects on
the STE, a critical fluence should not be exceeded. The limiting fluence
threshold, which is the critical fluence before saturation effects occur, is ~1
mJ/em? [VOM'21]. An ideal pump spot size also depends on the available
pump power. Since the new laser system provides larger average powers than
the one employed in this work, based on the results presented here, we can
operate the STE at a large pump beam size which is efficient for optimized
THz propagation. Therefore, the new laser system allows us to operate at
optimized fluence and THz propagation without subwavelength effects and
minimized aberrations.
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Appendix A

Measurement of transverse
profile of NIR laser beam:
knife-edge method

The NIR pump beam size is characterized in the horizontal direction of the
beam with the Knife-edge method. The measurement principle is depicted in
Fig. A.1. In the knife-edge method, the laser beam is progressively covered

-

photodiode

X
e z translation

y stage
Figure A.1: Measurement principle of knife-edge method.
perpendicular to its optical axis by a sharp edge like a razor-blade, while the
transmitted power is measured as a function of the blade’s position. The

blade is mounted on a one-directional translation stage with a screw-gauge
for the position measurement. The power reaches each maximal value when
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the beam is not covered by the sharp edge. On the other hand, the measured
power is minimal once the beam is fully covered.

The acquired data for all measured beams are shown in Fig. A.2 -
Fig. A.6. The data are fitted by the equation:

V2o = 2),

WNIR

Pmam

P:T(l—erf( (A1)

where P, is the maximal power, x, is the transverse Cartesian coordinate
where the beam center is located, erf is the standard error function, and
wyrr is the obtained beam radius at the position where the intensity of the
beam decreases to 1/e2.
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Figure A.2: NIR laser ouput on the pump beam path.
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Figure A.3: NIR pump beam realized by Telescope A and Telescope B: Ag
plane mirrors.
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Figure A.4: NIR pump beam realized by Telescope A and Telescope B: Ag
concave mirrors of (1004200 mm) EFL
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Figure A.5: NIR pump beam realized by Telescope A and Telescope B: Ag
concave mirrors of (50+250 mm) EFL
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Figure A.6: NIR pump beam realized by Telescope A and Telescope B
(moved linear stage): Ag concave mirrors of (504250 mm) EFL
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Appendix B

Mathematical definitions

Fourier Transformation
The Fourier transformation of a function xz(t) is given by

1 .
r(w) = Flz(|(w) = — | dtz(t)e™! B.1
(@) = Fle)w) = <= [ dialt) (B.1)
The inverse Fourier transformation of a function y(w) is given by

o(t) = F Hz(w)](t) = \/%_W /dwx(w)e_m (B.2)

Convolution
The convolution of two functions (z * y)(t) is defined as

@ o)(t)i= = [atat—t0) = e (B3
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Appendix C

Supplementary figures of
Chapter 4

C.1 THz waveforms and corresponding
spectral amplitudes

C.1.1 Measured THz waveforms versus power

Pump Power

—805 mW 302 mW 63 mW

S(t) (norm.)

0 I 2 3 4 0 s 10 15 20 25 30
delay (ps) o/2n (THz)

Figure C.1: (a)Electro-optic signals S(t) of THz pulses with their (b) re-

sulting spectral amplitudes |S(w)| normalized to their peak values. The THz

waveforms are obtained after excitation with 3.63 mm NIR pump spot

size, at high, intermidiate and low pump power, and 1 MHz repetition rate

operation. Inset: Not normalized electro-optic signals S(t) of the THz pulses.
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C.1 THz waveforms and corresponding spectral amplitudes

Pump Power
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Figure C.2: (a)Electro-optic signals S(t) of THz pulses with their (b) re-
sulting spectral amplitudes |S(w)| normalized to their peak values. The THz
waveforms are obtained after excitation with 1.48 mm NIR pump spot
size, at high, intermediate, and low pump power, and 0.5 MHz repetition
rate operation. Inset: Not normalized electro-optic signals S(t) of the THz

pulses.
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Figure C.3: (a)Electro-optic signals S(t) of THz pulses with their (b) re-
sulting spectral amplitudes |S(w)| normalized to their peak values. The THz
waveforms are obtained after excitation with 1.05 mm NIR pump spot
size, at high, intermediate, and low pump power, and 0.5 MHz repetition
rate operation. Inset: Not normalized electro-optic signals S(t) of the THz

pulses.
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Figure C.4: (a)Electro-optic signals S(t) of THz pulses with their (b) re-
sulting spectral amplitudes |S(w)| normalized to their peak values. The THz
waveforms are obtained after excitation with 0.81 mm NIR pump spot
size, at high, intermediate, and low pump power, and 1 MHz repetition rate
operation. Inset: Not normalized electro-optic signals S(t) of the THz pulses.
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C.1.2 Reference THz waveforms
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Figure C.5: (a)Electro-optic signals S(t) of THz pulses with their (b) re-
sulting spectral amplitudes |S(w)| normalized to their peak values. The THz
waveforms are obtained after excitation with three different NIR pump spot
sizes at 0.5 MHz repetition rate operation.
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Figure C.6: (a) Deconvoluted THz waveforms incident onto the detector
with (b) their corresponding spectral amplitudes normalized to their peak
values for the three different employed NIR pump spot sizes at 0.5 MHz
repetition rate operation.
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Figure C.7: (a) Deconvoluted THz waveforms emitted by the STE with (b)
their corresponding spectral amplitudes normalized to their peak values for
the three different employed NIR pump spot sizes at 0.5 MHz repetition rate
operation.
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Figure C.8: (a)Electro-optic signals S(t) of THz pulses with their (b) re-

sulting spectral amplitudes |S(w)| normalized to their peak values. The THz

waveforms are obtained after excitation with three different NIR pump spot

sizes at 1 MHz repetition rate operation.
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(ii) 1 MHz 2wye (1/6%)
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Figure C.9: (a) Deconvoluted THz waveforms incident onto the detector
with (b) their corresponding spectral amplitudes normalized to their peak
values for the three different employed NIR pump spot sizes at 1 MHz rep-
etition rate operation.
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Figure C.10: (a) Deconvoluted THz waveforms emitted by the STE with
(b) their corresponding spectral amplitudes normalized to their peak values
for the three different employed NIR pump spot sizes at 1 MHz repetition

rate operation.
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C.2 Numerical simulations
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Figure C.11: Assuming a NIR pump beam diameter of 3.63 mm, the beam
radius w(z) for four selected THz frequencies along the propagation axis z is
numerically calculated and plotted. The sketch above the graph is a visual

description of the THz generation and propagation through the simulated
optical system.
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Figure C.12: Assuming a NIR pump beam diameter of 1.48 mm, the beam
radius w(z) for four selected THz frequencies along the propagation axis z is
numerically calculated and plotted. The sketch above the graph is a visual

description of the THz generation and propagation through the simulated
optical system.
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Figure C.13: Assuming a NIR pump beam diameter of 1.05 mm, the beam
radius w(z) for four selected THz frequencies along the propagation axis z is
numerically calculated and plotted. The sketch above the graph is a visual
description of the THz generation and propagation through the simulated

optical system.
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C.2 Numerical simulations
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Figure C.14: Assuming a NIR pump beam diameter of 0.81 mm, the beam
radius w(z) for four selected THz frequencies along the propagation axis z is
numerically calculated and plotted. The sketch above the graph is a visual
description of the THz generation and propagation through the simulated
optical system.
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