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ABSTRACT

Brillouin light scattering (BLS), an almost a century old technique, has evolved into
a powerful and versatile method to study acoustic and magnetic phenomena down to
the nanometer size scale. Presently, BLS can be applied in fields as diverse as acous-
tics, spintronics, geosciences and biophysics. In addition, the advent of ultrafast laser
sources has seeded interests in studies of light-matter interactions under extreme condi-
tions. Despite the capabilities and unique information that BLS can provide, it suffers
from highly demanding and complex instrumentation. Brillouin spectrometers tend to
be large, expensive and highly sensitive devices. This has delayed the progress of ul-
trafast applications of BLS compared to other successful coherent spectroscopic tech-
niques.

This thesis aims to contribute to this nascent field by introducing a new concept
named frequency comb Brillouin microscopy. This method exploits the highly struc-
tured properties of a GHz repetition rate frequency comb as a pump to selectively en-
hance the Brillouin scattering intensity, while retaining the inherent high spectral res-
olution of BLS. Furthermore, due to the impulsive character of the frequency comb,
ultrafast generated quasi-particles can be observed. Applications of this technique in-
clude the direct observation in frequency domain of ultrafast demagnetization dynam-
ics, ultrafast formation of phononic combs, Brillouin imaging of phonon and spinwave
caustics, excitation of quantized perpendicular spinwave modes and selective scattering
enhancement of Brillouin modes, to mention a few presented in this thesis.

In a pursuit to overcome the instrumental complexity of BLS spectrometers, and
to develop a merchantable instrument which can be used for spintronics research, this
thesis also explores alternative Brillouin instrumentation methods. For this purpose,
first a virtual-image phase array spectrometer was evaluated for studies of thin magnetic
films. Secondly, an apparatus based on the magneto-optical Kerr effect and very high
speed electronics was devised and tested in spintronic devices. Implementations here
include contact-less ferromagnetic resonance (FMR) spectroscopy of spin-Hall nano-
oscillators (SHNOs), phase-resolved imaging and fast acquisition of synchronization

maps in SHNO networks for future oscillator-based computing schemes.



Keywords: Brillouin light scattering, Fabry-Perot interferometer, spinwave, acous-
tic phonon, virtual-image phase-array, frequency comb, Frequency-resolved magneto-

optical Kerr effect, spin-Hall nano-oscillator, ferromagnetic resonance, microscopy.
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Preface

The present work summarizes results from a collaborative project between the spintron-
ics division and the atomic physics division at the University of Gothenburg (GU). My
specialization is in laser physics, optics and optical spectroscopy. During my PhD I ex-
tended my collaboration to several other projects, bringing my knowledge in optical in-
strumentation to the fields of optical and acoustic levitation, negative ion spectroscopy,
development of general purpose laser systems and an industry internship with NanoOsc
AB. However, I decided to limit this thesis only to my main research project where I
contributed by combining optics and spintronics.

This thesis aims to give an overview of my research into developing optical tech-
niques and instruments which are currently used at the forefront of spintronics research
at GU. In Chapter 1, a brief historical introduction to spectrocopy and the role of light
in magnetism and acoustics is given. Chapter 2 condenses the background theory be-
hind Brillouin light scattering; it contains a glance to the different instrumentation ap-
proaches used in this work, followed by a review on ultrafast excitation and coherent
control. Finally, a review of the principles which lead us to the main technique devel-
oped in this work, which I call Frequency comb Brillouin light scattering microscopy
(FC-BLYS) is presented. The development of an instrument utilizing this technique, and
my work developing two alternative Brillouin spectroscopic approaches are presented
in Chapter 3. Chapter 4 presents a summary description of the experimental results pre-
sented in the appended papers and the results obtained from the Brillouin instruments
I built during my PhD. Finally, Chapter 5 closes by summarizing the outcomes of this

thesis and my conclusions on the scope of the techniques I have developed.



CHAPTER 1

Introduction

The term optical spectroscopy refers commonly to the wavelength-dependent response
of light interacting with matter. The spectra resulting from these interactions yields
physical information about the sample of interest under certain environmental condi-
tions. The term spectrum was introduced by Issac Newton in the mid 1600s to describe
the dispersion of sunlight by a prism. Newton performed the very first spectroscopic
analysis by decomposing the sunlight into its components and concluded that white
light consists of a combination of the rainbow colors [1].

More than one century after Newton’s first spectroscopic research a series of exper-
iments on the footprint emission and absorption of electromagnetic radiation in gases
and the careful analysis of the solar spectrum founded the basis of modern spectroscopy.
During the early 1800s, William Herschel and W. Ritter further developed Newton’s
prism experiment and discovered the infrared and ultraviolet radiation which lie out-
side the visible spectrum. Concurrently, H. Wallaston enhanced the dispersive power
in Newton’s experiment by introducing a narrow slit and discovered dark fringes in the
solar spectrum. Some years later Fraunhofer independently observed and cataloged the
fringes in the spectrum of the sun and other celestial bodies, which he found appear
differently. Fraunhofer concluded that the fringes originate somehow at the celestial
bodies themselves[2].

Moving forward in the timeline, in the mid 1800s several scientist, such as L. Fou-
cault and J. Angstrom, observed and studied the emission and absorption of light by
gases, which occur at very specific wavelengths characteristic to each compound. Later,

in the 1860s, scientists G. Kirchhoff and R. Bunsen performed a detailed study based
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on the ideas and methods provided by their predecessors and determined that the dark
fringes in the solar spectrum studied by Fraunhofer correspond to the absorption lines
of the different chemical compounds. In this way, Bunsen and Kirchhoff established
the methods of modern spectroscopy by demonstrating a link between a chemical’s
composition and its unique spectral footprint [3].

Today, with the advent of advanced light sources, instruments and new discoveries
on the interaction of light with matter, a myriad of spectroscopic techniques have been
developed, and constitute the basic analytical tool in any modern laboratory, industry or
university [4]. To mention just a few examples, optical spectroscopy can give informa-
tion on a sample’s constituents, such as crystallographic arrangement [5-8], electronic
bonds and vibrational states [9-11] from the macroscopic scale to a single molecule
[12—14]. It can provide information of time-dependent dynamics such as chemical re-
actions [15—17] or electronic state evolution down to the attosecond time scale [18-20].

Among the diverse spectroscopic methods, this work focuses on Brillouin light scat-
tering (BLS). This particular method dates from almost a century ago and was first ex-
ploited to perform analysis of low frequency mechanical vibrations (acoustic phonons)
[21-24]. It was soon realized that BLS could be used to also study excitations of mag-
netic origin (spinwaves). In the past two decades, BLS has consolidated into a top
technique for studies of complex magnetic phenomena by allowing scientists to access
information hardly accessible by non-optical techniques [25-30].

The link between optics and magnetism was discovered around the mid 1800 and
is historically attributed to Michael Faraday, who performed the first systematic stud-
ies on the direct influence on light by a magnetic field [31]. Nowadays this effect is
known as Faraday rotation manifests as a rotation of the polarization of a light beam
as it propagates through a magnetized medium. The relationship between magnetism
and light was formalized when C. Maxwell published his ”"Dynamical Theory of the
Electromagnetic Field” in 1865 [32]. Later, in 1877, John Kerr discovered that not only
the state of polarization changes as it traverse an magnetized medium, but also when it

is reflected by a boundary of the medium. [33]. This later phenomenon known today



as magneto-optical Kerr effect (MOKE) leads to the change of the polarization state of
the light after being reflected by a magnetized surface.

As investigations in this field continued and new light sources became available,
new magneto-optical effects were discovered, such as inelastic light scattering from
magnetized materials, magnetic circular dicrhoism or magnetic second harmonic gen-
eration, to mention some examples [34]. By the end of the 1800s it was clear that light
can be affected by a magnetic field, but, it was unclear if the opposite was true, i.e
that light can produce a change in the magnetization of a medium. This question was
solved almost a century later when the inverse counterpart of the Faraday effect was
demonstrated both theoretically and experimentally [35].

Today, the experimental demonstration of several magneto-optical effects has re-
vealed that a light field can effectively drive magnetization dynamics. Perhaps the
most astonishing discovery in this field was made in 1996 when Beaurepaire et al.
[36] showed that a femtosecond laser pulse is able to induce ultrafast demagnetization
and spin dynamics in Nickel on the previously unimaginable picosecond timescale.
This opened the door to intensive studies to understand the spin dynamics at the sub-
picosecond time scale. Immediately after this discovery, the prospective technological
applications on optical magnetic writing and magnetic-based data processing at faster
rates became evident [37-40].

Since the pioneering work of Beaurepaire’s group, it has been proven by many other
groups that a single femtosecond laser pulse action can trigger an ultrafast magnetic
response in a variety of forms such as ultrafast demagnetization [41-44], optically co-
herent generation of spinwaves [45-47], all optical magnetic switching [48, 49] and
laser induced modification of the magnetic structure [50]. The origin of these ultrafast
phenomena is still under debate and several mechanisms have been proposed by the
scientific community [51]. The problem is extremely complex since the phenomena ap-
pear in different forms being strongly dependent on the optical, thermal and magnetic
characteristics of the material.

With the development of commercial mode-locking lasers, the field of picosecond



and subpicosecond laser ultrasonics developed in parallel with the field of ultrafast mag-
netism [52-55]. In the acoustic case, the laser pulse transfers energy into the lattice,
launching a coherent phonon wave. The mechanisms of the generation of coherent
acoustic phonons (CAP) by laser action are more established than the magnetic coun-
terpart although debate in the scientific community is still going on [56].

In general, the mechanism of generating CAP depends on the sample’s properties
(optical, thermal, mechanical, crystal structure, etc) and the laser characteristics. It can
be thermal [57-59], photoinduced ( by hot electrons generated via optical transitions)
[60, 61] or in some materials purely optical (electrostriction) [62, 63]. This last mech-
anism correspond to a stimulated Raman transition by the laser and has been observed
experimentally mostly in transparent materials where other thermal effects are small.

Coherent control of phonon modes has been accomplished experimentally by the
use of double-pulse excitation. Multi-pulse methods have been proposed for the optical
generation of frequency-tunable acoustic phonons [64—66]. In such experiments a finite
optical pulse train with a variable repetition rate ranging from some GHz to THz was
produced to selective excite the phononic system. Continuous pulsed pumping by a
high repetition rate laser source has been reported recently [67-69]. In this type of
experiments the exited acoustic mode has a higher frequency than the repetition rate
used for pumping and the excitation occurs when the pumping frequency matches a
subharmonic of the acoustic mode.

Ultimately, ultrafast optical manipulation is not limited to the control of mechanical
and magnetic states. A dream is the ability to fully control all matter properties by light
and the direct visualization of its dynamics. This thesis aims to scientifically contribute
to this objective by developing an instrument based on BLS combined with a GHz fre-
quency comb laser source (an infinite pulse train). This method provides a mechanism
to selectively excite high-amplitude coherent magnon and phonon modes while simul-

taneously allowing characterization in the frequency domain using BLS detection.



CHAPTER 2

Theory and analytical techniques

2.1 Light scattering

The term light scattering applies to physical phenomena whereby electromagnetic radi-
ation changes its trajectory due to its interaction with the medium in which it is propa-
gating. Forms of scattering include the common phenomena of reflection and refraction
of light and the diffusive scattering by a turbid medium. Such forms of scattering do
not change the energy of the scattered wave and are called elastic scattering. A very
important form of elastic scattering named after physicist Lord Rayleigh occurs when
light interacts with particles much smaller than the wavelength of the incident radia-
tion. So-called Rayleigh scattering occurs when the electric field of the light causes
the particle charge to oscillate with the same frequency as the light field and therefore
the particle becomes a radiating dipole. Rayleigh scattering may occur in any forms of
matter due to the interaction of light with the atoms or molecules of the medium.

The second type of scattering which involves a change in the energy of the scattered
wave is called inelastic scattering. Here, the incident electromagnetic field exchanges
energy with the medium. If the field gains energy (blue shifted) the process is referred
to as an anti-Stokes process and if it loses energy (red shifted) as a Stokes process.
In the medium, this exchange of energy is manifested as the annihilation or creation
of collective excitations or quasi-particles such as phonons and magnons. Figure 2.1
exemplifies the energy diagrams of these processes for an incident photon with energy
hw and an excited state with energy hw, where A is the reduced Planck constant, w

angular frequency of the light, and €2 the angular resonance frequency of the state.
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Fig. 2.1 Different possibilities of light scattering by a medium.

The action of the light electric field is to drive the charged particles of the medium.
At visible spectral frequencies atoms are too heavy to adiabatically follow the fast oscil-
lations of the light field. Electrons, however, are light enough to follow the oscillations
of the driving electric field. As a result of the displacement of negative charges from
their equilibrium position, a dipole moment is induced in the medium. In the absence
of inelastic processes and for weak electric fields the polarizability of the medium is

described by the macroscopic polarization density

P(t) = eE(t). @.1)

Here ¢ is the dielectric permitivity constant of the material, which is in general a
tensor quantity. Hence the dipole moment induced by the electric field is responsible

for the re-radiation of the energy at the same frequency as E/(¢).

2.2 Microscopic origin of scattering

It is common knowledge that light traveling from vacuum to an optically transparent
material will refract and slow down when entering into the material. It is also well
known that light traveling in vacuum has an universal constant velocity ¢ and that the
observed velocity of the light after entering the glass is ¢/n, where n is the index of
refraction of the material. On an atomic scale, light entering a medium will oscillate

resonantly with the bound electrons of the medium. These electrons vibrate at the same
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Fig. 2.2 Geometry of light scattering from a single scatterer.

Scattering angle

frequency as the incident light and become radiating sources. The strength of this distur-
bance in the electronic system is dependent on the electric susceptibility of the medium
Xe- Due to the superposition principle in Maxwell’s equations, the observed field prop-
agating in the material will be a sum of the contributions from the incoming field and
the field produced by the oscillating electrons of the medium. As a matter of fact, each
independent field created by each electron travels at the speed of light in vacuum c,
but when all propagating waves are added coherently the resultant macroscopic wave is
observed to travel with a reduced speed by a factor 1/n in the forward direction.

Let us consider an incident polarized light beam in a material where N atoms or
molecules are illuminated. Assume the wavelength A of the light is much larger than
the dimensions of a single molecule of the system, which is the case for visible light,
UV and IR radiation. In response to the electric field of the light each molecule in the

medium will develop a dipole moment
p = ega(w) Eg exp(—iwt). (2.2)

where «(w) is the polarizability of each particle, w = 27/, € is the vacuum permit-
tivity, and where Ejexp(—iwt) is the same incident field for each particle. It is then
shown in [70] that the intensity of the scattered light from the induced radiating dipole

from Eq. 2.2 at a distance L is given by

nw'eola(w) | Eo[?

In =
0 Swc3L?

sin? ¢. (2.3)



Here the angle ¢ is defined by the dipole vector and the vector to the point of obser-
vation, as shown in Fig. 2.2. The differential cross section of scattered light falling into
a detector of area d A is defined as

do  I,dA I
Q- Ld0 ]—OLQ. (2.4)

Without explicitly writing «(w), Eq. 2.3 and 2.4 predict two important results from
scattering theory:

1- The scattering intensity /, is proportional to the fourth power of the frequency of
the incident radiation.

2- There is no scattering in the direction of the polarization of the incident light.

2.3 Quantum perspective of inelastic light scattering

The general mechanism of scattering is due to the motion of charged particles in the
medium driven by the electric field of the light. However, since the electrons are bound
to the nuclei, their motion is also affected by the nuclear mobility. Hence, the dipole mo-
ment of the electrons is modulated in the presence of nuclear vibrational modes because
the nuclear potential that the electron experiences depends on the atomic coordinates.
From a classical view, the scattering process by an elementary excitation can be
understood as a result of a modulation of the dielectric permitivity tensor ¢, by the
quasi-particle oscillation. In the first order perturbation expansion of the polarization

density vector P (7, t) induced by the incoming field E' is given by

Here, in contrast to the elastic case, the induced dipole serves as a radiating source at a
frequency given by the product of the modulation wave d¢;; and the incoming field. In a
quantum mechanics picture (see diagramn in Fig. 2.3) this corresponds to a three parti-
cle process in which a photon with frequency and wavevector (w;, k;) exchanges energy

with the medium resulting in the creation/annihilation of an elementary excitation with



Stokes event Anti-Stokes event

hwg = h(w; — Q) hws = h(w; + Q) g
ks=ki—q ks=ki+q e
N
F
(w3, k) (i, k) ¥

Incident photon Incident photon

Fig. 2.3 Kinematics of the BLS process

frequency and wavevector (€2, g) and the re-emission of the photon as a scattered wave
with frequency and wavenvector (ws, k). Energy and momentum should be preserved,

which requires that

(2.6)
ws — w; = £,
in which the plus sign refers to an anti-Stokes event where a quasi-particle is annihi-
lated and the scattered photon shifts to the blue side of the spectrum and the minus sign
corresponds to a Stokes event where an excitation is created and the scattered photon
looses energy shifting to the red side of the spectrum.

The quantities €2 and q are related to the scattering kinematics trough the set of

equations

0
lg| = 2n|k:i|sin§

0
Q= 2nv|k,,;\sin§ 2.7)
Q
lal’

where 7 is the refraction index of the material, ¢ is the scattering angle and v is the

10



propagation velocity of the quasi-particle.

2.4 Brillouin light scattering from acoustic phonons and spinwaves

Brillouin light scattering (BLS) is a form of inelastic scattering in which light inter-
acts with large scale excitations in a medium. In contrast to Raman scattering, which
is due to single molecular bonds of neighbor atoms, Brillouin scattering takes place
due to the extended collective oscillations in a medium, such as acoustic phonons or
spinwaves. Even though BLS is a microscopic phenomenon and should be described
by the formalism of quantum mechanics, an heuristic classical treatment can be em-
ployed to describe the scattering as a consequence of the modulation of the dielectric
susceptibility of a medium by thermal fluctuations.

The instantaneous dielectric susceptibility tensor in the presence of thermal phonons

can be described by

Xij = X0ij + 0Xij> (2.8)

where x is the dielectric susceptibility constant for an isotropic material and dy;; is
the modulated fluctuation due to thermal phonons. The corresponding time-dependent

component of the dielectric permitivity is then given by
e = 606Xij' (29)

Thus, the modulation component of the polarization density vector can be written as
0P; = d¢;; E;. The total field E; is given by the sum of the incident and the scattered
field

E;,=E|+E;. (2.10)

As both, the scattered field EJS and d¢;; are small quantities, the time-dependent polar-
ization density can be approximated by Eq. 2.5. Here, the radiating source of scattering
waves 0 P; is driven uniquely by the incident electric field.

Light scattering from spinwaves might be expected to occur due to a direct interac-
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tion of the spin lattice and the magnetic vector of the light field. However, this mech-
anism has been shown to be extremely weak and the dominant modulation of the di-
electric permitivity due to spinwaves is instead mediated via spin-orbit coupling. Thus,
scattering from spinwaves can be described with the same treatment as for phonons.
For ferromagnets, the magnetic modulation of the permitivity tensor, d¢;;, can be repre-

sented in terms of a power expansion of the magnetization vector M [71],

662’]‘ = fikaj\ia + gikaﬁkjaﬂf/& (211)

where f and g are complex tensors. For antiferromagnets, Eq. 2.11 holds with the
substitution of M by the antiferromagnetic vector L. = M; — M, where M; and M,
are the sublattice magnetizations. Thus, the time-dependent modulation of M caused
by thermal spinwaves provides a mechanism for Brillouin scattering under the same
arguments used for the description of scattering by phonons.

Brillouin scattering polarization selection rules allow us to recognize the nature of
the scattering. Due to the nature of the Lorentz force, the modulation of the polariza-
tion vector of a medium by spinwaves is transversal to the incident electric field. In
general, the polarization of the scattered field from magnetic excitations is rotated with
respect to the incident field polarization. In particular, in a back-scattering geometry,
the field scattered by magnons is linearly polarized and rotated by 90° [71]. In the case
of phonons, the polarization of the scattered field can be either in the same axis of the
incident field polarization for longitudinal modes or depolarized with no component
along the scattering plane for transverse modes. As a consequence, and due to mo-
mentum conservation, the scattering amplitude of transversal phonons falls to zero in a
back-scattering geometry [21]. These selection rules are particularly advantageous in

this work where a reflective microscope geometry is implemented.
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2.5 Stimulated Brillouin scattering

Scattering is stimulated if it is induced by the presence of a second light field which
drives the material into resonance. The conditions for stimulated Brillouin scattering
(SBS) to occur are given by the spectral characteristics of the interacting fields and its
strength. If the second light field, called the Stokes field £, interferes at the Stokes
Brillouin shift w, = wy, — €2, where w, is the frequency of the probe field £, and
the excitation frequency, the material tends to increase the amplitude of the scattering
due to a resonance effect. The stokes field can be produced by the beating of a sec-
ond laser source with frequency w,, called the pump field £, or by the Brillouin field
itself. In both cases the intensity of the beams should be large enough to induce a non-
linear polarization in the material. Such non-linearities are included in the macroscopic

polarization density expanded in higher power terms of the field

P(t) = [ VE(t) + EPE{)? + P E@)® + ... (2.12)

Here £ is the n™-order susceptibility. Due to symmetry constraints, the second-order
susceptibility vanishes for most materials with the exception of noncentrosymmetric
crystals. Stimulated scattering is ruled by the third-order susceptibility and the triple
product K, F,, I of the interacting fields. Figure 2.4 shows the energy transfer in the
Stokes/anti-Stokes SBS process.

Another important characteristics of SBS is that the scattered field is coherent. In
spontaneous Brillouin scattering the phase of the Brillouin oscillation is determined
by the random phase of the thermal fluctuations of the material. Conversely, in the
stimulated case, the phase of the Brillouin oscillation is set by the phase difference of
the input probe and stokes fields. Hence, in SBS the sample is set to a coherent state by
the interacting fields. The total BLS intensity g is proportional to (>, E;), where E;
is the field contribution from the i emitter or excitation. For spontaneous scattering the
population of emitters are incoherent, i.e. (E;E;) = 0, and hence I is proportional

to the number of emitters N. In the stimulated case the emitters are coherent and hence
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Fig. 2.4 Energy transfer in stimulated scattering. Two photons with energies /w, and
hws, known as the pump and Stokes, drive the system coherently. A third photon with
energy fuu,-, known as probe, undergoes coherent anti-Stokes scattering annihilating
the state. This process is analogous for coherent Stokes scattering which leaves the
system in an exited state.

( E;E;) = ( E?), and therefore Iprs o< N2.

2.6 The Fabry-Perot interferometer

In optical techniques such as Raman scattering or fluorescence spectroscopy, grating
spectrometers are sufficient to resolve the typical spectral features. In Brillouin spec-
troscopy, however, the frequency shift and intensity of the scattered field with respect to
the incident field are so small that grating spectrometers with enough resolving power
capable to discriminate Brillouin spectral features are economically non-viable and
other methods need to be employed.

In Brillouin spectroscopy the standard instrument for analysis is the Fabry-Perot
interferometer. A Fabry-Perot interferometer consists of an optical cavity usually con-
structed by two partially transmitting plane mirrors parallel to each other and separated
by a distance L. For a plane-plane optical cavity, the transmission is a periodic function
of the wavelength determined by

1-R

=13 (4F2/x?)sin® (27 L/ )), 2.13)
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Fig. 2.5 Transmittance of a Fabry-Perot cavity.

where R < 1 is a constant which incorporates the losses of the system and F' is the
finesse of the cavity which represents a quality factor of the construction of the optical
cavity.

The period of Eq. 2.13 is know as free spectral range (FSR) and is given by

c
FSR = —, 2.14
2L° ( )

where c is the speed of light.
The transmission bandwidth determines the resolution of the interferometer and is
related to the finesse as
FSR

Figure 2.5 shows a plot of the transmittance as a function of wavelength of a Fabry-Perot
cavity.

The Fabry-Perot interferometer can be used as a spectrometer by varying the mirror
distance L so that the wavelength of the transmitted light is scanned as a function of
L. The spectrum under analysis can only be unambiguously discriminated if it lies
between the FSR of the cavity. In principle, one can increase the FSR as much as
desired. However, due to the constant of Eq. 2.15, the resolution decreases proportional
to the increment in the FSR where the finesse /' is the limiting factor. The major factors
which reduce the finesse of the interferometer are the non-perfect reflectivity of the

mirror coatings, the lack of perfect parallelism, flatness of the mirror surfaces and the
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spatial uniformity of the light source under analysis. The practical achievable finesse of
an optical cavity is < 100 due to mechanical limitations.
From Eq. 2.13 the maximum contrast, i.e. the dynamic range of the transmission is

determined by the coefficient of the denominator

4F2 )72, (2.16)

For a standard Fabry-Perot interferometer the maximum achievable contrast is of the
order of 10%. However, in back-scattering Brillouin microscopy the typical ratios be-
tween the fraction of the light which undergoes Brillouin scattering and the residual
Rayleigh scattering are in the 10*® — 10'® orders of magnitude. Therefore, the con-
trast of a single optical cavity is not sufficient to discriminate Brillouin signals from the
strong elastic scattering. By passing the light field into N Fabry-Perot cavities arranged
in tandem the effective finesse and the theoretical contrast of the tandem Fabry-Perot
interferometer scales to the power N. Therefore, by coupling several Fabry-Perot inter-
ferometers in tandem one can reach the contrast required for observing weak Brillouin
signals. Ultimately, the contrast is limited by cross-talking interference between the
cavities, mechanical stability of the alignment and accumulative losses due to imper-
fection of the mirrors making up to 6-passes in a double pass tandem interferometer the
most practical design. Such an instrument was developed by Sandercock and has been

the standard in BLS for more than 40 years [72], giving contrast levels up to 10'® [73].

2.7 Virtual image phase array spectrometers

A virtual image phase array (VIPA) is a novel type of Fabry-Perot etalon formed by a
tiled glass plate with 3 different coatings (see Fig. 2.6). On one side, the plate is coated
with a high-reflectivity coating except for a small area at the bottom of the plate which
is coated with an anti-reflective layer which serves to couple the light into the etalon.
The other face of the plate is coated by a partially reflective coating. When a light beam

enters the VIPA, it is reflected several times between the high reflectivity and the par-
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VIPA Focal plane

Fig. 2.6 Principle of operation of a VIPA etalon. AR, HR and PR are the anti-reflective,
high-reflective and partially-reflective coatings, respectively. Typically, a cylindrical
lens is used to focus the beam to line into the AR surface. A virtual image phase
array is formed behind the plate which resembles a diffraction grating. A spherical
achromat is then used to focus the dispersed beam into a plane. Due to the decay-
ing amplitude of the virtual source array, the intensity at the focal plane follows a
lorentzian distribution.

tially reflective surfaces, forming a series of parallel beams emerging from the output
coupling surface. These beams appears to come from equally spaced and superimposed
virtual sources which form a virtual phase array. Such array can be interpreted as a
“grating” formed in a virtual space (in a real grating, a phase array is formed in real
space). As in a grating spectrometer, a lens is used to focus the VIPA output to a plane
where the light interferes and decomposes into its spectral components. Compared to a
grating of the same size, the resolution of a VIPA is 10-20 times higher [74]. This en-
ables a tremendous reduction in the size and the manufacturing cost of high-resolution
spectrometers which are based on a VIPA element. A full analytical treatment of the
dispersion and transmission function of a VIPA etalon is out of the scope of this thesis
and can be found in the work of Hu et al. [75].

The tandem Fabry-Perot interferometer (TFPI) developed by Sandercock demands
expertise in optics from the operator in order to perform alignment routines, requires
active vibration isolation and a large space on an optical table, which increases its price
considerably. On the contrary, VIPA spectrometers offer a very affordable and com-
pact design without moving parts, eliminating the need of an isolation base. The recent

invention of the VIPA has made Brillouin spectroscopy a more accessible tool for re-
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searchers in fields far away from optics such as biophysics and biomedicine [76-78].

2.8 Frequency-Resolved MOKE spectroscopy

Frequency-resolved magneto-optical kerr effect (FR-MOKE) spectroscopy is a very re-
cent developed technique [79] which can be used to retrieve the physical information
which is encoded in the Brillouin shift. The correspondence between BLS and FR-
MOKE is supported by a recent comparative study performed by Liensberger et al.
[80] which shows a good agreement between the two techniques. Compared to BLS,
where a complex optical analyzer is needed in order to discriminate the spectrum, in
FR-MOKE the spectrum is analyzed electrically, and therefore eliminates most of the
complexity of the optical instrumentation.

In a FR-MOKE measurement the sample should first be excited to a coherent state
through an external radiofrequency (RF) field using a built-in transmission line. At
the right excitation frequency the sample experiences a resonance leading to absorption
of the RF wave. The sample spectrum can be acquired electronically by measuring the
transmitted RF field with a physical probe connection to the sample. FR-MOKE instead
exploits the Kerr effect to probe the sample spectrum optically (contact-less) rather than
electrically (see Fig. 2.7). Here the sample is probed locally by a focused and linearly
polarized laser beam which experiences a Kerr rotation upon reflection off the magne-
tized surface. The Kerr modulation is proportional to the out-of-plane magnetization 1,
and therefore the beam is modulated coherently at the ferromagnetic resonance (FMR)
frequency. The modulated optical field is then converted to an electrical signal V,,; by a
high speed photodiode. The signal V,,,; is then compared to the original stimulus signal
Vin as
Vout

Vout in = | 37 €70, 2.17)

in

where V,.+/ Vi, indicates the intensity of the detected signal and 0,,; — 0;, its phase.

The quantity Vo, /:n is also refereed in the literature as the So; —parameter or forward
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Fig. 2.7 Simplified FR-MOKE setup. The green arrows represent optical paths while
the red arrows show physical electrical connections.

scattering parameter.

The main advantage of the FR-MOKE method is that it does not need an optical an-
alyzer to retrieve the magnetization dynamics of the sample, which drastically reduces
the complexity of the optical bench used in the TFPI or the VIPA schemes. There are,
however, some important differences to notice between FR-MOKE and conventional
Brillouin spectroscopy. In BLS the acquired signal is proportional to the intensity of
the laser field, and therefore proportional to m?, which means that the phase informa-
tion is hidden by this relation. In FR-MOKE, on the contrary, the signal is directly
proportional to the out-of-plane magnetization (x m.). Hence, FR-MOKE gives direct
access to the phase information of the magnetization dynamics. As a consequence, BLS
can be sensitive to thermal magnetization dynamics, while FR-MOKE can only be use

to detect coherent signals stimulated by an external reference source.

2.9 Ultrafast laser excitation of phonons and spinwaves

The creation of quasiparticles like phonons and magnons by ultrashort pulses are physi-
cal phenomena with a rich variety of generation mechanisms which are strongly material-
dependent. There is not a universal description of the ultrafast phenomena and, fur-
thermore, the underlying physics are not yet well understood by the scientific commu-
nity. However, most of the common interaction mechanisms of ultrafast action upon a

medium can be divided into two categories, named as thermal and optical driven mech-

19



anisms. In general, several mechanisms from both categories can act together under
ultrafast excitation but depending on the sample characteristics one or the other tend
dominate.

Thermal effects are mostly dominant in opaque samples and involve the absorption
of the laser photons by the electronic system of the material and its subsequent interac-
tion with other degrees of freedom (phononic and spin systems). Optical effects, on the
other hand, do not involve the direct absorption of the laser field and are more promi-
nent in transparent materials. Compared to thermal effects, which persist after the pulse
has been absorbed, optical effects are mainly based on photon scattering mechanisms
and are present only during the laser pulse time duration. There is, however, a myr-
iad of physical phenomena occurring when an ultrashort pulse interacts with specific
materials. The field of ultrafast science is extremely vast and an attempt to present a
comprehensive insight is out of the scope of this work. For the purposes of this the-
sis, a description of the more general thermal and optical effects are introduced in the

following sections.

2.9.1 Thermal effects

Upon ultrafast laser interaction, the electrons of the medium under irradiation can be
heated up on a femtosecond time scale. In metals, laser heating occurs by direct ab-
sorption of the photons by the electrons in the conduction band [81]. Additionally, in
semiconductors and dielectrics, electron-hole pairs are generated due to the absorption
of photons by electrons in the valence band [82, 83]. After the lifetime of the photoex-
ited carriers, the electronic system relaxes and deposits its energy into the lattice leading
to an increase in the medium temperature. During this process, the system is under an
electronic pressure and lattice heating (also named as phononic pressure) which are
responsible of the emission of phonons [56].

The electronic pressure arises because the laser induces a change in the electronic
distribution of the material and therefore modifies the overlap integrals of the atoms of

the lattice. As a consequence, the equilibrium position of the atoms changes leading to
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Fig. 2.8 Thermal mechanisms of phonon generation by ultrafast action. CB- conduc-
tion band. VB- valence band. Electronic transitions are marked with black arrows.
Electronic occupation is shown with red fill. a. Electron-hole pairs lead to a change
in the electronic distribution. This produces a deformation potential which leads to
relocation of the lattice atoms. b. In the thermoeleastic effect hot carriers produced by
the laser action relax into lower energy states of the CB trough emission of phonons.

expansion and compression, and therefore, to the emission of phonons (see Fig. 2.8a).
This mechanism is also termed as the deformation potential [84]. It is mostly relevant
in the first picosecond after excitation, after which the electronic system diminishes
its temperature by relaxation into the lattice, leading to a longer time scale process
called thermoelasticity [85]. This phenomenon is commonly understood as a volume
change under a temperature fluctuation and vice-versa. From a quantum perspective
the thermoelastic stress is described as an increment in the vibronic energy (increase
of phonon population) due to intraband electron-phonon scattering and non-radiative
interband recombination (see Fig. 2.8b).

The efficiency of phonon generation by either electronic pressure or thermoelasticity
depends on the lifetime of the photoexited carriers. The relaxation of carriers into lower
energy states and back to the valence band limits the effectiveness of the deformation
potential mechanism to generate phonons. Therefore, this mechanism is most common
in semiconductor and dielectric materials with long recombination lifetimes, while for
metals the most relevant mechanism for the generation of phonons is thermoelasticity.

In magnetic materials under femtosecond laser action, excited carriers can also relax
into the spin reservoir generating spinwaves and ultrafast changes in the magnetization

state of the medium. In a typical scenario, the magnetization of the medium is quenched
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Fig. 2.9 Spin interaction with other degrees of freedom upon laser excitation.

by ultrafast action on a time scale < 1 ps in a process termed ultrafast demagnetization
followed by a slow re-magnetization process [86]. During the demagnetization process,
spin angular momentum is transferred by spin-flip scattering mechanisms driven by
interactions between the electronic, phononic and spin reservoirs (see Fig. 2.9). In
materials with strong spin-orbit coupling, electron-electron scattering can contribute to
spin momentum transfer since real electronic states do not have a pure spin component
but instead a mixed spin state. Separation of the electronic band structure into majority
spin-up and minority spin-down states also allows spin flip via the Stoner mechanism
[86] whereby an electron undergoes spin reversal by being moved from a majority to a
minority band.

Interactions of electrons with the lattice provide a spin-flip mechanism on longer
time scales than in electronic interactions [87]. Here, the most accepted theory to the
ultrafast demagnetization is the Elliot- Yefet spin-flip process. Elliot-Yefet theory shows
that an electron-phonon scattering event changes the spin expectation value of the elec-
tron and therefore a spin-flip probability can be assigned [88].

Through the demagnetization process, coherent spinwaves can also be launched into
amedium which is exposed to an external magnetic bias [45]. Under ultrafast excitation,
the almost instantaneous increase in the electron system temperature causes the system

to find a new equilibrium angle in a time scale in between the electron thermalization
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time. This is followed by a coherent precession around the external bias field during the

remagnetization stage.

2.9.2 Optical effects

In transparent samples, laser fields can induce a notable photostress by polarizing the
medium. For the case of phonon generation, this process is called electrostriction. The
electrostriction forces exerted by a laser field can distort the atomic orbitals and there-
fore the electronic distribution leading to a work done by the material [56, 89]. Such
distortion occurs when the laser spectrum contains frequency components such that the
field is modulated at some phononic resonance of the material.

If the material under excitation is magnetic, spin flip and spinwave generation can be
induce by an inverse Faraday effect [90, 91]. In this scenario, a circularly polarized laser
field induces a local magnetization proportional to the square of the electric field of the
light. The optical generation of acoustic and magnetic perturbations by ultrafast action
has a quadratic dependence on the laser electric field and can be viewed in terms of
coherent stimulated scattering. Two frequency components, w; and w, contained in the
broadband spectrum of the laser field can induce a Brillouin transition {2 mediated by a
virtual state. During this process, the orbital momentum of the electrons in the material
increases, but if no real electronic transition can occur and the material has a strong
spin-orbit coupling, then a spin flip can be induced as well creating or annihilating a
magnon [92].

It is important to note that the optical generation of quasiparticles occurs at the
fastest possible speed and occur only during the propagation of the laser pulse in the
sample. For comparison, Fig. 2.10 shows the typical time-dependent temperature of the

electronic, phononic and spin systems in an ultrafast experiment.

2.10 Coherent control using multipulse excitation schemes

Coherent control is the non-contact manipulation of dynamical processes in the quan-

tum world using optical pulses. Optical coherent control has its principle of operation in
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Fig. 2.10 Thermal evolution and typical time scales of ultrafast excitation mechanisms.
The pulse duration of typically 30-300 fs is shown in orange. The time dependent
temperature of the electronic (7;), phononic (7},) and spin systems (7) are shown as
solid lines is red, blue and green, respectively. The different excitation mechanisms
are marked with black arrows at their corresponding time scales in the graph.

the quantum interference of wave functions in matter. In a typical scenario, a quantum
system is routed to a broadband coherent excited state by an initial light pulse. Then,
a second pulse delayed with respect to the first by a time 0t re-excites the system to
an additional independent state with a fixed coherence relation to the first excitation.
Therefore, the final state will reflect the interference between the two collective wave-
functions generated by the two light pulses. By varying the time delay between the two
pulses, one can tune this optically induced quantum interference, allowing dynamical
control of the system dynamics [93].

Let us consider a vibrational mode with frequency €2. In SBS, two photons with
frequencies w; and wy which fulfill the condition wy — wy = € are able to prepare the
sample in a coherent state with vibrational energy A€). Here, a single ultrashort pulse,
where the bandwidth dw, exceeds (2, is capable to induce such coherent oscillation
mediated via a virtual state transition. Equivalently, in order to observe a significant
excitation by a single pulse, the laser pulse duration 67, ~ 27(0.440w,) should be

considerably shorter than the excitation period T, = 27/ [94]. This condition is
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known as the impulsive excitation limit. Now, a second pulse arriving at the sample
delayed with respect to the first one by ¢ will pump the system again to the state A2
but with a phase difference

ot

5¢ = 2m— 2.18
¢ = 7 (2.18)

with respect to the first excitation.

If we ignore the dephasing and damping of the system it is evident from the phase
Eq. 2.18 that a multi-pulse excitation scheme can be used to suppress or amplify the
amplitude of the state /) by setting dt equal to nTq /2 or nTj, respectively and with n
being an integer number. Here, pulses arriving in phase with the excited state period
promote only Stokes scattering in the pump pulses, allowing energy to be released into
the system. In the same way, pulses arriving out of phase with the excited state will
promote anti-Stokes scattering, annihilating the excitation [95].

Let us now discuss in more detail the time-frequency Fourier structure of the exci-
tation by a train of pulses. If low energy states with vibrational frequencies in the GHz
range are to be excited, a femtosecond train of /N pulses can be well approximated by a

Dirac delta comb of the form

2 \

N
Z (t+(j - D)Ty), (2.19)

where T, is the laser pump train period and I is the pulse train energy. The power
spectrum of such a delta train is given by [96]

sin(Nw,T,/2)

1(eop) = Toexp(—i(N = 1)y Ty/2) e s

(2.20)

Here I(w),) is a function with periodic maxima spaced by 27 /T, which acts as a fre-
quency filter. Figure 2.11 shows a time and frequency domain pictures of the generation
of coherent excitations by multiple pulses.

The force exerted on the system (via the electronic system) is proportional to the
optical excitation intensity () [97]. Therefore, the vibrational spectral response of

the system should be determined by the Fourier transform of the pulse shape. Several
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Fig. 2.11 Multi-pulse excitation mechanism. On top the time domain picture. The
system is coherently driven at multiples of the laser pulse train period 7. On the
bottom the frequency domain picture. Impulsive stimulated scattering occurs by the
beating of the frequency components of the laser pulse. Here dotted lines correspond
to virtual energy states and solid lines to real states.
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remarks of interest can be concluded from the above discussion:

1. As the pulse duration approaches the vibrational period 7' the system impulsive
response at this frequency decreases. In fact, even so the pulse bandwidth might exceed
Q, efficient impulsive excitation wont be possible if the temporal structure of the pulse
exceeds the vibrational period T¢, [94].

2. A single pulse with a Fourier-transformed pulse shape might excite all possible
vibrational states where the frequencies are lower than the laser bandwidth. In particu-
lar, if the system allows it, a continuum of states can be excited by a single pulse.

3. By applying a train of pulses with a time delay between pulses equal to the
vibrational period 75, not only the system response at the frequency (2 increases but it
will also narrows in bandwidth, i. e. the ()-factor at {2 increases with the number of
in-phase pulses applied to the system [96].

4. Constructive interference produced by a train of pulses with periodicity 7" does
not only occur at the fundamental mode €2 but also at its harmonics, i.e. for the more
general condition

O, =n—, 2.21
n (2.21)

where n is a positive integer number.

5. The amount of sequential pulses N which can be used to pump the system coher-
ently is limited by the dephasing time constant of the state. Let us recall that the state
population added in each pulse is independent. The coherence lifetime of an excited
state can then be estimated by measuring the maximum number of pulses N at which

the response no longer shows amplification due to phase decoherence [95].

2.11 Towards infinite pulsed pumping using frequency combs

From the remarks of Sec. 2.10 it can be concluded that it is desirable to maximize N to
allow efficient state pumping with both, a high degree of frequency selectivity and large
intensity. The optical creation of such high purity states with large amplitude is of wide

interest for modern computing applications, for instance in spintronics and phononics
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technologies.

This is not a trivial technological task. Coherent control with N = 2 pulses has
been used widely since the 80s. Here, typically a Mach-Zender interferometer is em-
ployed to create the pulse sequence. In this framework, the escalation of [V is achieved
by constructing additional interferometers in tandem. This approach rapidly become
unpractical for a large values of N. Nelson et al. [98] developed an optical scheme
capable of delivering a variable repetition rate train of N = 7 pulses using a single
Mach-Zender type interferometer in a multi-pass configuration. A simpler approach to
generate a multipluse excitation has been proposed by Shen et al. [64]. In their work,
the interference of two chirped pulses was used to generate a variable modulated pi-
cosecond pulse, with a variable beat frequency in the sub-THz range. Nevertheless,
larger values of NV are still a challenge using such pulse shaping techniques.

In this respect, frequency comb (FC) laser sources present a straightforward solution
to enhance state pumping selectively by increasing N. FC sources are capable of de-
livering a practically infinite train of pulses at a fixed repetition rate in the kHz to MHz
range. Recently, when commercial frequency combs at GHz repetition rate became
available, it has become possible to maximize state pumping in the typical frequency
range of acoustic phonons and spinwaves in materials at room temperature (1-30 GHz).

A significant part of this thesis is devoted to the development of an ultrafast pumped
Brillouin microscope based on a GHz FC source in order to study the efficiency of
coherent pumping using such a scheme for possible applications in non-conventional,
high-frequency computing technologies. For this purpose, metallic thin films have been
choose as the archetypal systems of study. It is envisioned that properties found in films
under repetitive optical stress can be translated to optically-active nano-devices based
on those materials.

Besides the benefit of increased acquisition speed by using a high repetition rate source,
there are several intriguing physical phenomena which occur when such highly time-
structured sources pump quantum systems. When the repetition rate of the excitation

and the excited state period are comparable, each pulse raises the state amplitude coher-

28



ently. But, what happens when the pumping train becomes infinite? It is expected that
the system will settle in a steady state. In conventional SBS the sample under excitation
is prepared to a coherent state. The inelastic scattering amplitude is then enhanced, but
there is no real state pumping because Stokes and anti-Stokes events are equally prob-
able. On the contrary, in the impulsive limit the sample can be truly pumped by the
ultrashort excitation. Furthermore, using periodic impulsive pumping, each pulse adds
quasi-particles to the population coherently at the laser hot spot. Here, quasi-particle
propagation from the pumping spot can be expected. These thoughts entail the creation
of a GHz quasi-particle source with a high degree of coherence and amplitude. More-
over, the optical character of such excitation scheme allows the created source to be

movable and diffraction limited in size.
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CHAPTER 3

Experimental methods

3.1 Outline of the BLS apparatus

This section gives an introduction to the main experimental setup of this work, i.e.
the BLS microscope system and the femtosecond scanning laser system. For compre-
hension, a general overview of the technique and the whole instrument is given. The
discussion of the details on the design, conception and calibration of the system will

follow in section 3.2.

3.1.1 BLS microscope overview

The BLS microscope system consists of a movable holder which positions a sample of
interest in between a microscope objective and an electromagnet. The sample is illu-
minated in a dark field configuration, which allows the observation through a camera
for alignment purposes. For laser excitation and probing, the sample is irradiated under
the microscope with both, a static probe laser beam at 532 nm and a steerable pump
laser beam at 816 nm. Inelastic back-scattering from the probe laser is then collected
and filtered out by a spectrum analyser consisting of a tandem Fabry-Perot interfer-
ometer (TFPI). The signal is finally read by a photon counter and displayed as the
time-integrated Brillouin spectrum of the sample as a function of the zy— coordinates
relative to the pump laser position. A complete schematic of the setup is shown in figure
3.1. The main subsystems are divided into: 1) the microscope stage and imaging optics
2) the probe beam optics 3) the interferometer detection and collection optics and 4)

the pump beam optics. Light paths are shown in blue, green and red and correspond to
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an LED source, probe and pump beams, respectively. Unless otherwise specified, the

same nomenclature and color code is used in the following.

Camera

Tandem Fabry-Perot
Interferometer

Probe laser

Reference beam

Fig. 3.1 Overview of the full optical system. The different components of the system
are referred as follow: BS for beam splitter; PBS for polarization dependent beam
splitter; W for waveplate; L for lens; DF for dichroic filter; FI for Faraday isolator;
PD for photodiode; P for polarizer; M for microscope and GM for galvo mirror system.
The probe, pump and LED beam paths are represented by green, red and blue colors
respectively, where dark hues represent the forward paths towards the microscope and
light hues the backward paths from the microscope.

3.1.2 Microscope imaging system

The microscope system (see Fig. 3.2) is equipped with a high numerical aperture (N.A.
= 0.75) objetive (LD EC Epiplan-Neofluar 100x/075) which ensures the submicron
lateral resolution needed for the study of nano-structures and nano-devices. The sample
is illuminated in a dark field configuration by a collimated LED @470nm reflected by a
45° mirror with a central hole through which light from the microscope travels freely to

the imaging optics. This type of illumination provides a very simple method to obtain a
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high contrast and high resolution image without the use of a complicated lens system.
The sample is held under the microscope by a xyz-nanopositioner which is actively
stabilized using image recognition software. Light from the sample is deflected towards
the imaging optics by a 10% reflection beamsplitter BS; and a 50:50 beamsplitter cube
PBS at 532 nm which was selected for its high reflective coating at 470 nm. The image
is thus formed in a camera by a tube lens corrected for widefield imaging. A band-pass
interference filter F is used to avoid saturation of the camera by the 532 nm probe laser
source. This filter is angle-tuned to let pass around 0.1% of the laser light for direct
visualization of the laser spot in the camera system. Finally, the image is formed at the

camera by an infinity-corrected lens tube L.

Camera

K\

28e1s adoasodIy

Fig. 3.2 Imaging system diagram. F stands for angle-tuned interference filter; BS;
for 10% beamsplitter; M for microscope objective; PBS for polarization beamspliter
cube; L for lens-tube.

3.1.3 Probe laser system

Figure 3.3 shows a diagram of the probe beam optics. The light source to be used in a
BLS experiment is crucial and should meet certain requirements such as high spectral
purity and frequency locking. The source chosen is a frequency stabilized diode laser

(SpectraPhysics Excelsior One) at 532 nm with a linewidth specification <10 MHz and

32



sidemode suppression of 110 dB. The frequency shift to be measured is in the region 1-
10 GHz and the intensity of the signal of interest is of the order of 10~'? weaker than the
elastic scattering from the sample. Although the interferometer is capable to provide a
suppression of 107 of the elastic peak, it does not suppress spurious side modes from
the laser as they overlap with the Brillouin spectrum and appear as a background in the
measurement. In order to suppress the sidebands from the laser, a commercial thermally
stabilized etalon filter unit (TCF-2 from TableStable LTD) is used. The etalon filter is
locked to the main laser peak by a feedback photodiode which controls the temperature
of the etalon through a Peltier element. The elaton is decoupled to the laser cavity
by a Faraday isolator to avoid flickering. After the etalon, the laser is divided by a
beamplitter BS which consists of a uncoated glass wedge. The low intensity reflection
from the wedge is used as a reference beam for the interferometer. After the wedge, the
main beam is passed through a variable intensity filter constructed by a half-waveplate
Wi and a film polarizer P;. The beam is thus guided by a periscope mirror set and
passed through a polarization beamsplitter cube which selects the p-polarized beam.
Finally, part of the beam is reflected toward the microscope objective by beamsplitter

BS; and the rest is blocked by a beam dump.

3.1.4 The tandem Fabry-Perot interferometer and sample beam optics

The sampling optical system and the TFPI assembly are shown in Fig. 3.4. The TFPI
is a commercial unit (TFP-1 form TableStable LTD) and consists of two air-spaced
etalons E; and Es. A multi-pass geometry through the etalons is achieved by a retrore-
flective optical system. The sample beam passes each of the etalons 3 times for a total of
six-passes before reaching the detector. The etalons are actively stabilized by five piezo-
electric actuators. Four piezos are used to control the parallelism of the etalon mirrors
and one piezo is used to stabilized the mirror distance of E,. A sixth long-travel piezo is
used to scan the mirror distance of both etalons simultaneously. The stabilization signal
for the piezo actuators is provided by the reference beam collected from the probe laser

by beamsplitter BS and is aligned to co-propagate with the scattering beam from the
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Beam dumper

Probe laser

BS W,P,

Reference beam

Fig. 3.3 Probe beam optics. PBS stands for polarization beamsplitter cube; W half-
waveplate; BS beamsplitter, FI Faraday isolator; P polarizer; M microscope objective;
Ey etalon; PD photodiode. The thermally stabilized etalon sub-assembly is sketched
in the dotted-rectangular area.

microscope by an in-built beamsplitter in the TFPI. The Brillouin scattering from the
sample is collected toward BS; which transmits most of the scattered light. This sam-
ple beam is spectral filtered using a narrow bandpass dichroic mirror DFy which has a
high reflection around 532 nm. The sample beam contains the scattered light from both
elastic and magnetic oscillations which is separated by a Glan-Thompson polarizer Es
before entering the TFPI. The Brillouin spectrum is acquired by scanning the mirror
spacing of the TFPI and by integrating the transmission of the interferometer with an

avalanche photodiode (APD).

3.1.5 Scanning microscope system

Collective oscillations are induced at the sample by a high repetition rate fs laser source.
This source, hereafter referred to as the pump laser, consists of a commercial 1 GHz
Ti:Sapphire laser (LaserQuantum TaccorPower) with a 30 fs Fourier limited pulse du-
ration. The laser is extremely sensitive to back reflections into the cavity which causes

the laser to lose mode-locking. To prevent this, a broadband Faraday isolator F1; is
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Fig. 3.4 Sample beam optics and TFPI internal optics. BS stands for beamsplitter; DF
dichroic beamsplitter; P Glenn-Thompson polarizer; L lens; M microscope objective;
Eq etalon; APD avalanche photodiode.

placed before the scanning optics. The isolator is used together with an achromatic half-
waveplate W, to control the intensity of the laser beam. The half-waveplate is mounted
in a motorized rotation stage which is used for automatic measurements against laser
power.

The scanning system (see Fig. 3.5) is built after the Faraday isolator and consist of a
4 f lens system and a pair of motor controlled 1-dimensional mirror galvanometers. The
first two lenses of the scanning system have focal lengths of 100 and 50 mm and form an
intermediate image plane at the center of the galvanometer mirrors. The following pair
of lenses have focal lengths of 100 and 150 mm and are placed so that the previous im-
age plane formed at the center of the mirror galvanometers and the back entrance of the
microscope objective become conjugate planes. In this setup, the mirrors galvanome-
ters raster scan the pump beam across the sample in the x— and y— directions. The
pump beam, the probe beam and the LED light are merged by a dichroic beamsplitter
filter DF'; which reflects the fs laser and transmits the other light sources. Backscat-
tered light from the sample is transmitted by DF; and collected by a photodiode PD,

for calibration purposes.
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Pump laser

Fig. 3.5 Pump beam optics schematic. GM stands for mirror galvanometer; W half-
waveplate; DF dichroic beamsplitter, FI Faraday isolator; P polarizer; L lens; M
microscope objective; PD photodiode.

3.1.6 Data acquisition and automation architecture

The whole apparatus, including all subsystems, is controlled by a grid computing set
(see Fig. 3.6) consisting of 3 CPU units connected together via network. Each sub-
system from the BLS microscope is connected to the computers either by a serial port
connection or trough a data acquisition card (DAQ). Individual software for control and
automation of each subsystem was written separately in a set of Labview VIs (virtual
instruments) which include calibration routines, diagnosis, reading variables and con-
trols. The communication engine between the different VI’s is provided by a commer-
cial package (THATec:OS platform) which includes all software and network connec-
tions to a main graphical user interface (THATEC:OS GUI). The GUI connects all VIs
together via a transmission control protocol (TCP). The GUI displays all control and
indicator variables programmed in each sub-VI and allows the graphical programming
of automatic measurement loops using any range of this variables and the correspond-
ing data display. The addition of new software is thus made by programming individual

standalone software and the integration is made by using the THATec:OS core package.
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Fig. 3.6 System hardware architecture. The software architecture follows a similar
topology; standalone control software for each hardware subsystem is controlled by
the main GUI (hub).
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3.2 Optical and hardware design of the frequency comb Brillouin mi-

croscope

The BLS microscope core is based originally on a design made in the University of Pe-
rugia and a complete characterization and specifications of such system may be found
elsewhere [27]. The first version of the BLS microscope was designed to use a physical
contact method to induce collective oscillations in the sample while using an optical
method to probe the excitation. In this work, I demonstrate an ultrafast optical method
using a high repetition rate laser can induce and characterize collective excitations se-
lectively without the need of an electrical contact built into the sample. This section
presents a discussion on the system concept, the optical design, the technical specifica-

tions, and calibration methods of the new instrument.

3.2.1 Ultrafast laser source

The frequency range of interest for spinwaves in ferromagnetic materials is typically
between one and a few tens of GHz for moderate magnetic fields (<1 Tesla). There
are two different technologies of commercially available mode-locking lasers that are
able to reach such high repetition rates. The first type is based on a fiber oscillator with
available repetition rates up to 250 MHz out of the box. A mode-locking fiber laser
offers a compact and robust solution with high wavefront qualities. Output powers di-
rectly from the fiber oscillator can reach up to 100 mW and have typical pulse durations
in the range of 50-150 fs. Higher repetition rates are achieved by the implementation
of multiplication Fabry-Perot cavity filters [99]. With this method, repetition rates up
to 25 GHz have been reported [100], starting from a 250 MHz laser source. In practice,
Fabry-Perot filters places a very high demand on the finesse to efficiently suppress spu-
rious pulses at the original repetition rate of the source. The coupling efficiency of such
high-finesse multiplication cavities is very low and the output power of a laser source
of several Watts barely surpass a few mW after filtering. Nevertheless, an advantage

of a fiber-based laser source is its exceptional beam profile quality, which allows the
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beam to be efficiently coupled to external fiber amplifiers that can increase the power
by several orders of magnitude. A drawback by the use of external optical amplifiers
is the degradation of the laser spectrum after the amplification where a typical pulse
duration is rarely less than 120 fs after compression. At the end, the addition of cavity
filters, amplifiers and a compression unit required to reach GHz speed of the ultrashort
pulse train turn the system into a more bulky and complex device than the original fiber
oscillator.

The second type of commercial source able to reach the experimental requirements
is based on solid-state laser technology. Ti:sapphire lasers are the most common sources
of ultrashort pulses with high average power and repetition rates up to 10 GHz. More-
over, with the development of diode pumping, this type of laser is nowadays available as
a compact turn-key operation device without the need of a bulky Argon Ion or Nd:Yag
pump laser. The drawbacks of these systems are the beam ellipticity and astigmatism
that is characteristic of the small laser cavities needed to reach GHz repetition rates.
As an example, according to the manufacturer specifications the M2 of a 1 GHz laser
cavity is 1.2 while for a 10 GHz oscillator the M? is 1.5, making this type of lasers
impractical for fiber amplification. However, as the typical pulse duration of these sys-
tems is of around 30 fs and have average powers of several watts directly out of the laser
cavity without the need of extra optics or compression, this solution is more convenient
and elegant than a fiber based source.

The laser purchased for this project was a 1 GHz repetition rate Ti:sapphire oscilla-
tor from LaserQuantum (TaccorPower model). Table 3.1 summarizes the specifications

of this laser measured in our laboratory directly after delivery.

3.2.2 Optical design of the laser scanning system

Conventionally, a laser scanning microscope uses a pair of small mirror galvanometers
(GM) close together to pivot the beam optical path and a system of lenses to image

the pivoting plane at the entrance aperture of the microscope objective. In this way,
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Parameter measured value

M? sag. plane 1.09
M2 tan. plane 1.04
Ellepticity* 1.23
Divergence 1 prad
Wavelength 816 nm
Bandwidth 28 nm
Pulse duration 29.75 fs
Power 2 Watts
Power stability 0.4%

Table 3.1 Laser specifications measured in the laboratory. 'Measure 60 cm away from
the output port

a net lateral displacement of the laser focus in the sample plane after the objective is
achieved by steering the galvanometers. The general requirement to be fulfilled by the
scanning optical system is to keep the filling factor of the objective by the laser constant
regardless of the steering angle. Such a condition is needed in order to maintain the

pumping energy fluence and the spot characteristics constant at the sample plane while

the scanning is performed.

Objective entrance

Mirror galvanometer plane aperture plane

Ly L, J Ls Ly

i Oom £ 0y

. ?No(

dq; daem dems ds dao

Fig. 3.7 Unfolded optical layout of the scanning mechanism. L stand for lens;d stand

for distance. The mirror galvanometer and the objective entrance aperture plane are
conjugate focal planes.

The design followed here consists of a double afocal optical system formed by four
lenses, as shown in figure 3.7. Lenses L; and L, compose the first afocal system. The
second afocal system composed by lenses L3 and L, is positioned such that it forms
conjugate planes at the entrance aperture of the microscope and the center of the mirror

galvanometers (GM plane). The arrangement of lenses L3 and L, which satisfies the
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previous condition are easily calculated from the thin lens formalism with the equations

d3a = f5+ fa, 3.1)
dens = 32 <f3 fam f3d4,o) , (3.2)
fa fa

where f3 and f; are the focal distances of lenses L3 and L, respectively and the distances
are as shown in Fig. 3.7. Equation 3.1 is the afocal condition of the second system
while Eq. 3.2 relates the position of the conjugate planes of the system with respect
to Ls and L4. Therefore, as shown in 3.7, steering of the laser beam by the mirror
galvanometers produces a pivot around the entrance aperture of the objective without
lateral displacement of the spot position. The tilting angle 0, at the GM plane is

related to the pivoting angle 0,; at the objective entrance aperture plane by

s = —2(’%)9%. (33)
7

At the sample plane, the displacement of the laser spot r for a given steering angle

O is related trough

r = fercfaoum, (3.4)

where frr is the effective focal length of the microscope objective. The first afo-
cal system formed by L; and Ly has the function of steering the beam along the z—
direction (normal to the image plane) and to displace the focal plane of the pump laser.
A shift in the pump focal plane under the microscope can be used to effectively mod-
ify the pumping area up to several micrometers in diameter or to correct for the shift
between the probe and pump focal planes arising from the different divergences of the
two beams. In the paraxial approximation, the size of the spot h¢as at a distance da car
after L, is given by

hGM _ (dLQ — fl)(dQ,G]\/[ - fQ) _ anG]\/[ hla,sera (35)

fife fi
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where hyqse 1S the laser spot size before L, and f;, f» the focal distance of lenses L,
and Ly, respectively.
It is now clear that if dy 5/ is chosen to be equal to the focal distance of the second
lens fy, Eq. 3.5 is reduced to
E

hG]\/[ = - (fl) hlase'r~ (36)

Equation 3.6 shows that if the distance from the GM plane to L, is equal to f5 the
spot size of the laser beam at this plane is constant regardless of the distance between the
lenses d; ». Hence, by small displacement of lens L; some divergence or convergence
is added to pump beam without affecting the filling factor of the objective. The focal
plane shift Az generated by a displacement of the first lens Ad - is related by the

optical system parameters as

(N[ fer\?
Az = (fQ) < f4 > Adlg. (37)

Finally, the magnification of the scanning lens system is given by

_Jal2

M=%

(3.8)

3.2.3 Practical construction of the scanning optics

The first consideration for the choice of the lenses focal distances and the geometry of
the optical system was based on the physical constraints forced by the fixed position of
the objective in the BLS microscope, the position of the probe beam laser optics, the
pump laser optics and the whole frame of the microscope. A second consideration was
the compromise between the compactness of the system and avoiding excessively large
optical aberrations from the lenses. The design was first built virtually using a CAD
program from calculations applying the thin lens equations presented in the previous
section. A render image of the optomechanical system is presented in figure 3.8. Table

3.2 summarizes the chosen parameters of the system.
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Parameter  value

fi 100mm
fo 50mm
f3 100mm
f4 150mm
ferL 150mm
dG M,3 100mm
d470 50mm
My 0.75

Table 3.2 Lens design parameters.

Sample

waveplate

Fig. 3.8 Optomechanical CAD design on the scanning laser optics.

Lenses ratios were chosen such that the transverse magnification M adjusted the
beam size of the laser to the entrance aperture size of the microscope. From the values
from Table 3.2, other parameters can be calculated. For example, in the mechanical de-
sign the displacement of lens L, is fine adjusted by a Ad; , = 12.7 mm travel microme-
ter stage. This displacement corresponds to a shift in the focal plane of Az = 36.12 pm.

The resolution is mainly limited by the precision, repeatability and thermal stability of
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Parameter value

repeatability 15 urad
resolution 15 prad
thermal drift 10 prad/°C

Table 3.3 Galvanometer specifications from the manufacturer.

the galvanometer motors. Table 3.3 shows the specification of this parameters given by

the manufacturer.

With the system parameters chosen according to Table 3.2, the displacement resolu-
tion of the scanning system is estimated to be 80 nm and with a maximum thermal drift
of 53 nm per °C. Equations 3.3 and 3.4 show that it is possible to increase the resolu-
tion of the system and reduce the thermal drift effect by decreasing the ratio f3/ fy. This
however introduces another complication; since the two galvanometers for steering in
the x— and y— directions are separated by some millimeters, the z— and y— steering
planes are shifted. Thus, there are two different image planes that fulfill the stationary
condition, one for each direction, but there is not a true single plane that fulfill this
condition simultaneously for both directions. For small steering angles this difference
is unnoticed. But as the ratio f3/f, decreases, the ratio 0g)/r increases and larger
steering angles are needed to scan the beam. As a consequence the effect of the offset
in the z— and y— steering planes becomes more prominent. The focal lengths from
Table 3.2 were chosen so as not to compromise the scanning stiffness for resolution and
vice-versa.

Finally, the type of lenses and materials are chosen. In the literature L is referred
as the scan lens and L, referred as the tube lens in an scanning system. Convention-
ally, achromatic doublets are chosen for these two lenses. Achromats reduce chromatic
aberrations which is important in multiphoton microscopy where typically laser pulses
>120 fs. However, the high-dispersion materials used in this type of lens are not suit-
able for laser pulses with a duration of the order of 30 fs, which is the case for our

system. Hence, ultra-thin fused silica lenses were chosen for the design. An estima-
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tion of the dispersion of these two cases was done using a commercial software tool
(vCHRIP from LaserQuantum). As an example, in figure 3.9 the dispersion of a pair
of acrhomats from Thorlabs, AC254-100 and AC254-150 was analyzed using vVCHIRP
and compared to the dispersion of two ultrathin fused silica lenses from EksmaOptics,
110-1211ET and 110-1217ET. The input spectrum is a gaussian pulse of 30 fs and cen-
tral wavelength at 816 nm to imitate the characteristics of the laser used in this work. It
was concluded that fused silica ultra-thin lenses elected for the optical system stretches
the pulse to around 42 fs, corresponding to the dispersion of 9 mm of the material, while

the alternative option of achromatic doublets would stretch the pulse to around 300 fs.

a) Achromatic pair b) Ultra-thin FS pair
temporal pulse shape temporal pulse shape

A300fs A300fs
s s
£ £

e (fs] e (fs

A146.3fs A336fs
E 5
c c
i i

Fig. 3.9 Pulse duration before and after passing the sacanning system consisting of:
a. A pair of achromatic lenses from Thorlabs and b. A pair of ultra-thin fused silica
lenses from EksmaOptics.

3.2.4 Construction of the microscope optics

The imaging system and the probe laser guiding optics were built with cage optome-
chanics. Figure 3.10 shows the CAD design of the platform. A view of the interior
optics is shown in figure 3.11. The nomenclature matches that of figure 3.1. The sys-
tem geometry is defined by the cage axes, which makes the alignment simple and robust.

The complete system together with the scanning microscope is shown in figure 3.12.

45



Fig. 3.10 Optomechanical CAD design of the microscope and probe laser optics.

3.2.5 Calibration of the laser system

After optimal alignment of the scanning optics, the displacement of the laser beam at
the sample plane as a function of the voltage applied to the galvanometer motors was
calibrated. For this procedure, a dedicated calibration target was prepared. The target
was produced by high resolution electron beam lithography on a sapphire substrate and
consists of a Pt grid of 5 ym width and 20 nm thickness. Figure 3.13b shows a scanning
electron microscope (SEM) image of the calibration target. The sample target was
carefully aligned under the microscope and the laser beam was focused at the sample
plane. Each galvanometer mirror is raster scanned across the Pt pattern separately. A
weak back reflection from the sample is collected after the dichroic filter DM, and
focused on to photodiode PD, by a lens. As the laser is scanned in one direction across
the Pt grid the reflected intensity varies periodically (see Fig. 3.13a). The reflected
signal is acquired in a 40 pm range in steps corresponding to an applied voltage of 0.1

mV to the galvanometer motor and then differentiated. The derivative of the reflection
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Fig. 3.11 Interior optics from figure 3.10.

signal has equally spaced maxima and minima corresponding to the edges of the target
grid separated by 5 ym. Knowing this, two extreme maxima are taken as a reference
and the corresponding distance between them calculated from the number of periods in

the plot. The same procedure is followed for the other motor in the orthogonal direction.

3.2.6 Microscope active stabilization

BLS measurements, especially 2D Brillouin images, are exceedingly time consuming.
To avoid drifting from the measurement position and defocus from the sample surface
an active stabilization system is used. The focal position is stabilized by sampling the
Rayleigh back-reflection from the sample by a photodiode (PD;) far away from the
microscope. Two limiting apertures (S; and S, in figure 3.11) of 3 mm diameter sepa-
rated by 2 meters were placed to define the beam path between the microscope and the
photodiode. A 100 mm focal length lens focuses the light onto the photodiode and the
intensity is controlled by a film polarizer to increase the dynamic range below satura-

tion. The sample stage is scanned in the z—direction and the back reflection intensity
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Fig. 3.12 Complete laser microscope CAD design.

as a function of the stage position is measured by the photodiode. The reflection is
divergent for all values of z except for the focus condition in which the reflected beam
is fully collimated. The two limiting apertures ensure that the maximum transmission
to the photodiode occur only when the sample is at the focus of the microscope. The
nanopositioner has an in-built servo-loop and a PID-controller feedback which is seen
by the photodiode as an oscillating background. In order to remove this background
and other ringing effects from the stage while the stage is searching for the focus po-
sition, a low pass filter with cut-off frequency at 15 Hz was constructed and used to
condition the signal from the photodiode. The focus position is then found by fitting
a parabolic profile to the intensity read by the photodiode as a function of the stage
z—coordinate. The stabilization in the z— and y—axes is done by commercial software
which performs a pattern recognition algorithm on the microscope image. During long
term measurements, active stabilization is always on to prevent the probe area from

drifting.
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Fig. 3.13 a. Reflected power as a function of the applied voltage to one of the gal-
vanometers. b. SEM image of the target. The yellow line shows the direction of the
scanning.

3.2.7 Lateral spatial resolution of the laser microscope

The resolving power of the system is given by the spot size of the probe beam under
the microscope objective. Similarly, the optical pumping spatial resolution is given
by the pump beam spot size. To determine the spatial resolution of both lasers a knife
edge measurement [101] of the spot size was performed. This was done by scanning the
beams across one of the edges of the Pt calibration target and acquiring the reflectivity of
the pump and probe beams with photodiodes PD, and PD;, respectively. Assuming that
the intensity profile of the laser is a gaussian distribution, the reflected power measured

by the photodiode while the laser is scanned across the Pt edge is given by

p-p+D (1 = erf(ﬁ(m - x‘)))) (3.9)
2 w
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where I is a background offset, P; is the maximum reflected power, x is the position
at which the power drops to half its value, erf is the gauss error function and w is the
beam waist. Fig 3.14 shows the reflection power of the probe beam at the best focus

and the fit of Eq. 3.9 from where a beam waist of 310 nm was obtained.

a)
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Fig. 3.14 a. Reflected power versus relative position of the Pt edge. b. SEM image of
the calibration target. The green arrow represents the direction of the scan.

The probe beam is assumed to be stigmatic, and therefore only one measurement
is required to determine the beam waist. In the case of the pump beam, two issues
are apparent. First, the beam is astigmatic and therefore a characterization in the two
axial directions should be performed. Secondly, the exact focal position of the beam
is unknown a priori and needs to be matched with the probe beam focal plane. In
order to match the pump and probe focal planes a measurement of the beam waist was
performed for different positions of lens L; while maintaining the focus stabilization
of the microscope activated. The measured beam waist against d; o reassembles the

propagation of a gaussian beam and is described by
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2
w = wo 1+(Z7Z1> : (3.10)

20

where z is the displacement of L, wy is the minimum beam waist, z; is the position
at which the beam waist is minimum and 2 is a parameter called Rayleigh’s range. To
perform this measurement, [; was set in the middle range of the lens micrometer stage
positioner and d; » was set equal to f; + f, which corresponds to the z = 7 mm in figure
3.15. The minimum waist of the two axial directions obtained from the fit of Eq. 3.10 to
the experimental data of figure 3.15 was 690 + 77 nm and 742 + 69 nm, respectively.
The two astigmatic planes were found for position of L; corresponding to z = 6.94 +
0.3 mm and 6.69 4+ 0.22 mm. Lens L; was thus set at z = 6.85 mm and the resolution

estimated to be better than 800 nm.
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Fig. 3.15 Beam radius as a function the micrometer stage position.
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3.3 Alternative detection platforms

In this section, two alternative Brillouin setups are presented. The first alternative is
based on optical analysis using a commercial VIPA spectrometer. The second alterna-
tive presented is based on broadband electrical detection using a high-speed photodiode

and a vector-network analyser (VNA).

3.3.1 A VIPA-based Brillouin microscope

CMOS
Q camera

Camera

\

etalon

AN

Probe laser

Fig. 3.16 Experimental setup. The red dotted rectangle shows the VIPA spectrometer
arrangement. F; is the coupling fiber to the spectrometer, F5 is a fiber link which
connects the suppression filter with the dispersive block. The elements L. and Lg
correspond to a cylindrical and an spherical lens, respectively. All other lenses shown
in the VIPA setup are aspherical collimation lenses. The rest of the elements in the
schematic follow the nomenclature from Fig. 3.1.

The first alternative implemented in this work to replace the TFPI unit was a novel

VIPA spectrometer. Such spectrometers have been very successful in biomedical re-
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search [76, 102—104]. Despite this success, until the time of this work there had not
been any implementation of such kind of spectrometers to solid state magnetism re-
search, perhaps because the surface scattering due to spinwaves in metallic compounds
is far weaker than what it is obtained from bio-materials.

The VIPA spectrometer used in this work was a demonstration commercial unit
(Brillouin Hyperfine spectrometer from LightMachinery). The VIPA experimental setup
reuses the FC-BLS microscope presented before in this chapter with the difference that
here the TFPI has been replaced by the VIPA spectrometer. Figure 3.16 shows an
schematic of the VIPA-based Brillouin microscope.

The VIPA setup consists of two main blocks connected by an optical fiber (Fs),
namely, an etalon filter block and a dispersive block which contains the spectral analysis
optics. The spectrometer input requires a single-mode fiber coupling connection (F).
The filter block consists in a double pass air spaced tuneable etalon which achieves a
suppression of around 10-15 dB per pass. The filtered light is then coupled to the fiber
Fy and guided to the dispersive block. This block consist of several lenses, a VIPA
element, a grating, a camera lens and a high resolution CMOS camera sensor. The light
beam coming from fiber F5 is collimated and then focused by a cylindrical lens into
the VIPA element. The FSR of the VIPA in this unit was 75 GHz. The output after
the VIPA is the spectrum of the light source folded in a single FSR. After the VIPA a
grating is used to separate each FSR laterally into a ~ 3 THz spectral range. A camera
lens is used to focus the dispersed light into a high resolution CMOS camera where a
2-dimensional (2-D) spectrum is acquired as an image.

The 2-dimensional spectrum is formed by a linear grid in which each line corre-
spond to a part of the spectrum and has a length equal to 1 FSR. The linear grid is then
folded by software into a 1-dimensional spectrum. Figure 3.17 shows an example of
the raw acquisition of the camera sensor and the 1-dimensional folded spectrum by the
spectrometer software. Here a broadband LED source was coupled to the spectrometer
fiber which served for alignment of the double pass etalon filter and calibration of the

spectrometer. The spectrum in Fig. 3.17 is the reflected spectrum of the double passed
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a VIPA camera sensor raw data b Spectrum extracted by software
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Fig. 3.17 Hyperfine display of the etalon filter transmission. a. Spectrum of a LED
broadband source. Each diagonal line correspond to one FSR (75 GHz). b. Spectrum
after software folding into one dimension. The lateral distance between intensity dips
correspond to 1 FSR. The depth of the dips correspond to ~ 30 dB.

etalon. In Fig. 3.17a the empty spaces in the linear grid (dips in the 1-dimensional spec-
trum in Fig. 3.17b) correspond to the rejection band of the etalon filter. The suppression

filter width is specified by the manufacturer to be 500 MHz.

3.3.2 FR-MOKE microscope

The FR-MOKE alternative is a novel technique which is based on an electrical rather
than optical analysis. This setup exploits the MOKE, which modulates the polarization
of scattered light at the Brillouin frequency fy,. The modulation in the polarization is
then converted into an intensity modulation by a polarizer set at 45° with respect to the
beam polarization main axis. After the polarizer the intensity modualtion of the beam
is < 1 pW. A high-speed 40 GHz bandwidth fiber-coupled GaAs photodetector (model
1004 from Newport) is used to convert the optical stimulus into an RF electrical signal
which is modulated at the Brillouin frequency. The electrical signal is then spectrally
analyzed by a VNA unit (model ZNB-40 from RohdeandSchwarz).

This setup was built using the main body of the BLS microscope with the difference
that the TFPI has been replaced by a photodetector coupling assembly, which consists
only of a 3-axis fiber launcher. Figure 3.18 shows the schematic of the experimental
setup. Note that the optical system is shown simplified in this schematic to put more

emphasis on the electrical system. Although we have used the full BLS microscope
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Fig. 3.18 FR-MOKE experimental setup. The optical setup is shown simplified to only
the essential elements. Green glow lines represent laser paths. Red thin lines represent
electrical connections. P- polarizer, M- microscope objective, PD- photodiode, A-
amplifier.

facility, and contrary to the TFPI and VIPA detection schemes, this technique does not
require a highly specialized probe laser system and most optical elements from the orig-
inal BLS microscope are actually redundant. Instead, this method requires the sample
to be driven coherently in resonance with a referenced source and an additional RF
circuit is needed to stimulate the sample electrically. Both the reference stimulus and
the detection are executed by the VNA at the same frequency via port 1 and port 2,
respectively. The stimulus signal is fed to the sample via a two-contact microwave test-
ing picoprobe (from GGB Industries Inc.) which is physically connected to the sample.
This setup was build to study spin-Hall nano-oscillaors (SHNOs), which require a DC
current to operate. For this purpose a DC current is added to the VNA stimulus using a
T-bias connector. On the detection side, a 70 dB RF amplifier (Model AFS44-020018
from Miteq) is used to amplify the signal coming from the photodiode above the noise

floor level of the VNA.
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Fig. 3.19 FR-MOKE experimental setup. The optical setup is shown simplified to only
the essential elements. Green glow lines represent laser paths. Red thin lines represent
electrical connections. P- polarizer, M- microscope objective, PD- photodiode, A-
amplifier, D- frequency doubler, HP- high-pass filter, LP- low-pass filter, C- circulator.

3.3.3 Second-harmonic pumped FR-MOKE microscope

Coherent driving can be performed in resonance at the second harmonic 2f;. In this
scenario the frequency of the oscillator f; has the possibility lock either in the first or in
the second cycle every two 2 fj cycles, thus allowing two different locking states, each
with a 180° phase difference. This bi-stable framework is of interest in many spintronics
applications as for instance, phase-binarization and neuromorphic computing [105].
The schematic of the setup is shown in Fig. 3.19. The optical assembly and the
detection path (VNA Port 2 connection) is the same as shown in Fig. 3.18. In Port 1, a
supplementary circuit has been added to generate the stimulus at 2 f,. The VNA oper-
ates at the test frequency f, (stimulus) in both ports. Therefore, an active RF frequency
doubler (Model AKKa-2X from Spacek Labs) is used to multiply the reference stimulus
to 2fp. A high-pass filter with 100 dB insertion loss at 7 GHz (Model ZHSS-K15G+
from MiniCircuits) is connected right after the doubler to completely suppress the fun-
damental frequency from the stimulus. After the filter the stimulus is sent through a 3-

ports circulator, whose purpose will be explained in the next paragraph. Subsequently,
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the 2 f stimulus is mixed with a DC current bias trough a T-bias. The combined DC/RF
stimulus is then fed to the sample through the picoprobe.

Since the stimulus is at 2 f, and the sample response is at f, it is possible to read
the pump-free electrical signal reflected from the sample trough the picobrobe. The
reflected signal is guided backward all the way to the circulator where it is directed on
a third path (port 3 of the circulator in Fig. 3.19). After the circulator, the excessive
RF power at 2fj is removed with a low pass-filter (ZLSS-11G-S+ from Minicircuits).
Afterwards, the signal is amplified with a 70 dB RF amplifier (Model AFS44-020018
from Miteq) and the power spectrum is acquired with an spectrum Analyzer.

This setup allows simultaneous optical an electrical measurements of a locked oscil-
lator. While the electrical measurement provides a fast monitoring of the overall state
of the oscillator, the optical measurement provides a phase-resolved measurement of
the local properties of the device. This setup also allows the electrical characterization

of free-running oscillators (no VNA stimulus).

57



CHAPTER 4

Results

In this chapter I present a summary of the experimental results of this thesis. Sec-
tions 4.1-4.6 outlines and introduce the investigations presented in the appended papers
while details and figures are contained in the corresponding papers. Section 4.7 is a
self-contained text on the evaluation of a VIPA spectrometer for spinwave Brillouin
spectroscopy performed in our laboratories. No paper is appended for this section, and

hence all details are included.

4.1 Frequency comb Brillouin microscopy (Paper I)

In Paper I, the frequency-comb Brillouin microscope (FC-BLS) which was described
in detail in chapter 3 is presented. The principle of operation of this technique has
been discussed in Sec. 2.10 and 2.11 and it is also presented here together with the
characterization of the instrument.

In the past decades pulsed laser sources, and more recently novel frequency combs,
have been extensively used to improve Raman techniques and other types of optical
spectroscopical methods. The implementation of ultrafast laser sources is a particularly
difficult task in BLS. The extremely small frequency shift, the weak scattering am-
plitude and long integration times required in BLS make this technique incompatible
with the characteristics of ultrafast excitation. There has been a tremendous increase
of interest in ultrafast dynamics of laser driven magnons and acoustic phonons, and
a variety of pump-probe methods have been developed to study such phenomena in

the time-domain. However, there have been no reports to date that use BLS to study
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such phenomena directly in the frequency-domain. The main reason for this is the low
duty-cycle of laser sources used in most ultrafast experiments.

Paper I contains a proposal of a unique technique which combines the high sensi-
tivity and resolution of BLS with ultrafast laser pumping. The key here is the very high
repetition rate of the laser (1 GHz) employed. With such high duty cycles, observations
of ultrafast dynamics using BLS are presented for first time. Furthermore, the highly
structured features of the frequency comb allow a certain degree of coherent control
of the excitation. Rather than observing a continuous broadening of the probe laser,
only modes at harmonics of the repetition rate of the frequency comb are present in the
Brillouin spectrum. The above is particularly essential in implementing a broadband
excitation in BLS while maintaining mode-selectivity.

The characterization of the microscope system has been discussed in detail in 3.2
and it is presented in Paper I. The microscope lateral spatial resolution was character-
ized by measuring the probe and pump beam waist using a knife-edge method. Waist
values of ~ 313 nm and ~ 730 nm for the probe and pump beam were measured,
respectively. The pump beam pulse duration after the microscope objective and the
scanning optics was estimated to be 120 fs. The thermal drift in the position of the
femtosecond pump after the microscope was calculated from the specifications of the
manufacturer of the mirror galvanometers to be 53 nm/°C with an accuracy of 80 nm.
In practice, the accuracy of the scanning stage was much better than the estimated value.
The main factor introducing errors was the accumulative drift of the mirror galvanome-
ters in very long term measurements (over 12 hours).

As in stimulated Raman techniques, FC-BLS exhibits a non-linear scattering en-
hancement due to the action of the ultrafast laser source. The BLS from acoustic
phonons follows a quadratic dependence against the pump power (see Paper I - Fig.
4b). This feature indicates a coherent and stimulated process. Furthermore, since the
excitation is in the impulsive limit, it is possible to excite quasi-particles which propa-
gate away from the pump spot.

Examples of two application which exploit the above features are demonstrated in
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Paper I (see Paper I - Fig. 5). In a sapphire substrate coated with a 100 nm nickel film
transducer, ultrafast periodic heating of the film by the laser action launches a phononic
frequency comb which is the imaged with the BLS probe. The resolution and speed
capabilities of the system are illustrated by producing a 20 x 20 pm (81 x 81 pixels)
map of the acoustic mode at 6 GHz with 250 nm scanning step. This measurement
was performed in ~ 2 hours, which is exceptionally fast compared with typical 2D
recording times in BLS.

Secondly, an application to generate a point source of ultrafast generated spinwaves
is demonstrated. Such spinwaves are produced by periodic ultrafast demagnetization
of a 20 nm permalloy (Py) film. The periodic modulation excites a high-amplitude and
quasi-monochromatic surface mode at 8 GHz which exhibits ballistic propagation. This
map was obtained in only 45 minutes for a matrix size of 51 x 21 pixels (total area of
5 X 2 pum).

The fast acquisition speed attainable using ultrafast pumping was critical for the
subsequent studies presented in Papers II-V. Without the enhanced speed provided by

the frequency comb, such studies involving 2D mapping would not be possible.

4.2 Thermal excitation of mode-selected propagating spinwaves (Pa-

per II)

Most devices used in spintronics research are based on an 80/20 Ni/Fe magnetic alloy
named Permalloy (Py). This alloy possesses an exceptionally high magnetic permeabil-
ity, low coercivity and nearly zero magnetostriction. This material is extensively used in
laminated magnetic cores and magnetic recording head sensors. Due to its outstanding
magnetic properties and potential compatibility with silicon technologies, Py is a core
material for constructing magnetic-active nanodevices [106].

Paper II contains an study in magnetodynamics driven by GHz pulsed pumping in
the simplest case of thin Py films capped with a 2 nm Pt capping layer. The sample films
were tested at different thicknesses and different capping materials which were typically

used in the fabrication of SHNOs. No influence of the capping (2 nm thickness) in the
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Py film response was found. The effect of the pumping is to excite the FRM and the
spinwave band harmonically at multiples of 1 GHz. This effect occurs regardless of the
film thickness (from 5 and up to at least 100 nm thickness). For this study a 20 nm film
was chosen as a representative sample.

Due to the finite numerical aperture of the microscope objective (N.A.= 0.75 or
a maximum cone angle of 49°) the maximum detectable k—value is limited to 17.8
prad/pm or a minimum wavelength of 350 nm. In between this range up to three modes
in the spinwave band were observed to be excited by the laser. The samples could
sustain a maximum pumping power of 35 mW before non-reversible changes in the
magnetic anysotropy of the film material was observed. At this large pumping power
the scattering enhancement of the FMR was up to three orders of magnitude larger than
the thermal BLS. Tuning of the magnetic field strength from O to 1 Tesla shifts the
spinwave band up to higher energies. The scattering enhancement was observed up to
the 10" harmonic of the laser (see Paper II - Fig. 2).

Curiously, the spinwave amplitude vs. the pump laser intensity differs slightly, but
noticeably, from a quadratic behavior (see Paper II - Fig. 3). In contrast, to single pulse
experiments, in FC-BLS the sample is irradiated continuously with several mW of laser
power. It is then reasonable to account for the rising in temperature due to laser heating

with a Bloch law dependency in the spinwave BLS intensity as

Tons = A2 — (192 4 FYP/2)2, @.1)

where F is the laser fluence, and A and ¢, are coefficients which depend on the mag-
netization at absolute zero, the Curie and room temperatures, and the heating efficiency
of the laser. Equation 4.1 was found to fit well with the experimental data.

Raster scanning of the femtosecond laser revealed the spinwave emission charac-
teristics (see Paper II - Fig. 4). The propagation appear orthogonal to the in-plane
component of the external bias magnetic field. This behavior agrees with a Damon-

Eshbach spinwave mode also termed as a surface wave [107]. To corroborate that this
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was the case, the in-plane component of the bias field was rotated by 30°, which made
the spinwave propagation to rotate by the same amount. The decay length was found
to be 1.85 pm, independent of the pump power. The experimental data was then com-
pared with micromagnetic simulations of the periodic demagnetization field giving a
good agreement (see Paper II - Fig. 5). In both, the simulations and the experimental
data, the mode at 9 GHz shows a peculiar tendency to split up into four arms forming

an X-shaped propagation profile.

4.3 Controllable spinwave caustics (Paper III)

Paper III contains investigations on X-shaped propagating spinwaves. Such intriguing
propagation is the result of a caustic formation also termed as a self-focusing effect.
It happens in materials with a certain type of anisotropy, in this case magnetic, and
arises because the wave group and phase velocities are non-collinear in the media. As
a consequence, phase interference allows the spinwave energy to be concentrated non-
diffractively in specific directions. Fine tuning of the external magnetic field enables
the creation of spinwave caustic beams with a controllable propagation angle in the
range £12°, with respect to the direction orthogonal to the in-plane component of the
magnetic bias (see Paper III - Fig. 3). Paper III also contains a theoretical calculation
of the isofrequency surfaces fy(k) for the spinwave mode at 8 GHz. By definition the
isofrequency curves are orthogonal to the group velocity vector v ;. Therefore, in the
flat regions of fy(k) all wavevectors have the same direction of v,,.. The condition to
find a caustic beam propagation direction is then given by the zeroing of the second
derivate of fy(k). For a certain spinwave frequency, the k—vector decreases as the
bias field increases. As k — 0 the slope of the isofrequency curve approaches zero
everywhere and the propagation appears primarily along the direction orthogonal to the
in-plane bias field.

It is interesting to note that although the formation of caustic spinwave beams with
a controllable emission angle have been previously demonstrated using patterned spin-

wave waveguides on top of thin films [108, 109], this is the first experimental demon-
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stration of purely optically driven caustic beams. In early ultrafast magneto-optical
experiments, Au et al. [110] concluded from simulations that a tight focused femtosec-
ond laser actually produces a caustic spinwave. However, they could not observe this
features experimentally. While Au et al. performed a single pulse experiment, FC-BLS
has the advantage of producing a high-amplitude sustained spinwave, which enabled

the observation such sensitive features for the first time.

4.4 Excitation of quantized perpendicular standing spinwaves (Paper

IV)

Quantized perpendicular standing spinwaves (PSSWs) are modes which have their wave
vector perpendicular to the film surface. They can be understood as standing waves in
a resonant cavity consisting of the two surfaces of the film, where the wave vector k
is quantized as k = 7n/d. Here n is an integer number and d is the thickness of the
film. Paper IV contains an study on the excitation of PSSW modes in Py films and the
efficiency of the frequency comb excitation as a function of the film thicknesses in a
range of 20-100 nm.

The efficiency characterization was performed by varying the film thickness and
comparing the FC-BLS amplitude under identical conditions. A constant external field
of 6000 Oe and the spinwave mode at 8 GHz, which appears for all film thickness just
above the FMR, were chosen as fixed parameters. The BLS scattering as a function
of the laser fluence follows Eq. 4.1 for all thicknesses (see Paper IV - Fig. 2). In Eq.
4.1 the parameter A can be interpreted as a measurement of the demagnetization. The
excitation efficiency was then evaluated by studying A as a function of d. Assuming the
demagnetization is proportional to the spinwave bath temperature, and the laser beam to
be uniformly absorbed by the film, a relation A < 1/d is expected. For film thicknesses
< 30 nm the temperature rise due to optical absorption is no longer constant and instead
depends on d. This effect was accounted for by weighing the experimental data with
the thickness dependent optical absorption found by a simulation. The efficiency was

the found to follow a 1/d dependence with a slight deviation for the thicker film (100
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nm) (see Paper IV - Fig. 3). In this case, the assumption of uniform heating may no
longer be valid considering the short penetration depth of the light (~ 10 nm).

The excitation laser has a very high excitation bandwidth. Therefore, in principle
any mode within the bandwidth of the laser, or which period is considerable shorter than
the laser pulse duration (120 fs), can be excited. The excitation frequency is however
limited by the spinwave lifetime and the excitation efficiency per pulse. Paper IV ex-
hibits the excitation of PSSW modes up to the 18™ harmonic, corresponding to the first
three quantized modes (see Paper IV - Fig. 4). The excitation efficiency decreases as
the spinwave energy increases. Finally, the enhancement of the 1* order PSSW mode

was observed higher than the FMR and other spinwave modes.

4.5 Generation of phononic caustic combs (Paper V)

In supported metallic thin films under femtosecond laser irradiation, surface and bulk
acoustic waves are excited thermoelastically and launched into the substrate. Here,
the film acts as a heat transducer which converts the laser energy into mechanical en-
ergy. In crystalline substrates, intriguing ballistic propagation patterns of the acoustic
energy flux appear due to the lattice anisotropy [111]. Imaging such phenomena with
millimetric spatial resolution has been performed at temperatures < 10 K using time-of-
flight techniques [112], and at room temperature using scanning ultrasonic microscopy
[113]. Recently, phonon imaging with micron resolution was achieved using microwave
impedance microscopy [114], based on a cantilever probe, and ultrafast pump-probe
spectroscopy, which uses a laser probe. This last method enables observation of ultra-
fast acoustic phenomena in the time-domain [111].

There has not been any reported observation of ultrafast generated acoustic dynam-
ics, neither its propagation visualization, in the frequency domain. The first BLS imag-
ing of laser driven phononic caustics at room temperature with sub-micron resolution
using the advantages of FC-BLS are presented in Paper V. The experiment was per-
formed in sapphire and quartz as test samples due to its contrasting properties. While

sapphire is a highly isotropic material [115], quartz possesses a highly anisotropic crys-
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tallographic structure. Acoustic waves in sapphire propagate approximately twice fast
than in quartz [115, 116].

The action of the frequency comb on the metallized face of the crystals is to create
point source from which a phononic frequency comb emanates. The phononic comb
inherits the 1 GHz spectral structure of the laser. Propagation of phonons up to the 7"
harmonic and several microns away from the pumping spot was observed. Beautiful
acoustic flux patterns which reassemble the crystallographic plane structure of the crys-
tals are seen in the BLS mapping (see Paper V - Fig. 2). In C-cut sapphire and Z-cut
quartz, which posses an hexagonal 2-dimensional lattice, hex-geometrical propagation
patterns and the formation of 6 caustics beams are observed. Surprisingly, in C-cut sap-
phire the propagation geometrical shapes rotate by 60° after the 4" harmonic and only
two parallel caustics began to form as the frequency increases. The BLS maps show an
interesting interference effect which redistributes the scattering in periodic rings around
the source. The rings formation can be explained as a consequence of the interference
of two co-propagating acoustic modes with the same temporal frequency but different
velocities. Therefore, the ring wavefronts can be related to the isofrequency contours
of the crystals. Furthermore, in quartz the density of fringes per micron at a fixed fre-
quency increases with respect to sapphire, consistent with a slower acoustic velocity of
the first material.

The BLS intensity as a function of the distance to the phonon source x was modeled
as

1
I(z) = ;[Af + A2 + 24, Aycos(Akz + ¢)] + by, 4.2)

where A; and A, are the amplitude of the two waves, Ak = ky — k; their wave vector
difference, ¢ is a spatial offset, and bg a background term arising from dark counts
and the Rayleigh scattering wing. The 1/x decay accounts for the surface spreading
from the source. Equation 4.2 provides a reasonable fit to the experimental data and
a simple interpretation. The wave vector difference Ak dependence on the temporal
frequency yields an acoustic-like dispersion. Without further assumptions, the available

information provided by the experiment is still insufficient to recognize the independent
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wave vectors of the interfering waves.

Further investigations on R-cut sapphire and X-cut quartz are also presented in Paper
V. These crystallographic planes exhibit a pseudo-rectangular lattice structure, which is
observed in the BLS propagation maps (see Paper V - Fig. 3). In R-cut sapphire 4
caustic beams are observed. Similar wave vector values to which where observed for
C-sapphire were found, consistent with the known isotropic characteristics of sapphire.
On the other hand, the X-cut quartz surface posses a highly anisotropic thermal conduc-
tivity along its principal axes [117]. This characteristic is revealed in the pronounced
asymmetry of the BLS maps. Here two parallel caustic beams at the 2 and 3" har-
monic and the gradual appearance of a second set of caustics orthogonal to the first
ones at the 4" and 5" harmonics were observed.

To conclude, Paper V contains a beautiful application of this technique to repro-
duce a phononic version of the Young’s experiment (see paper V - Fig. 4). The two
point-source experiment was produced by splitting pump beam into two sources us-
ing a Michelson interferometer. This proof-of-principle highlights the applications of
FC-BLS in phonon “optics” and related phenomena in media, without the requirement
for in-built source generators. The ability to create a point-source of highly coherent
and monochromatic quasi-particles by optical means can open the door and spur more

studies of this type.

4.6 FR-MOKE Brillouin microscope (Paper VI)

In the pursuit of the development of a commercial optical FMR Brillouin spectrome-
ter, Paper VI contains a discussion on an alternative method capable of overcoming the
limitations presented by the TFPI system. Such limitations have been already discussed
in this thesis and relate to the cost, size, operation expertise, room conditions and ac-
quisition time requirements of the TFPIL. In Paper VI, a novel optical technique based
on the frequency-resolved magneto-optical Kerr-effect (FR-MOKE) is proposed and
examined. Such a technique promises a path towards a commercial FMR spectrome-

ter platform able to perform contact-free spatially-resolved measurements in a compact
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and user-friendly design which allows miniaturization. The FR-MOKE method is very
attractive since it completely removes the optical analysis unit (TFPI) and replaces it
by only a high speed photodiode and a VNA unit. This tremendous simplification elim-
inates all the limitations imposed by having a sensitive optical bench in the system.
Direct applications of this technique are envisioned for future SHNO-based computing
schemes such as micro-Ising machines and neuromorphic devices [105].

SHNO are devices made by a NiFe/Pt bilayer nano-constrictions which are sub-
ject to an electrical DC current. Electrons traveling on the Pt layer are subject to
the spin-Hall effect [118] and split into a spin-polarized current which flows into the
NiFe layer inducing precession of the magnetic vector. Such oscillations modulates the
nano-constriction resistance producing an RF field. In Paper VI, FR-MOKE detection
is demonstrated. Identical capabilities and additional advantages in the characteriza-
tion of SHNO devices compared to conventional electrical characterization are shown.
While in an electrical measurement the power spectral density (PSD) of the SHNO is
averaged over the entire device, FR-MOKE provides spatially-resolved PSD measure-
ments with a diffraction-limited resolution. The influence of the laser and RF stimulus
on the SHNO spectrum is also investigated (see Paper VI - Fig. 3). All the quantities
of interest, such as the center frequency, linewidth, and peak intensity showed relation-
ships to the RF and laser stimuli which can be linearized by a log;, transformation (see
Paper VI - Fig. 4). Broadening and spectral shift were found to be < 100 MHz, and
are only noticeable by means of the high frequency resolution of the VNA. Such small
changes can be neglected in most practical applications. As a comparison, the maxi-
mum frequency resolution of a TFPI is ~ 100 MHz. A remarkable S/N ~ 25 on single
SHNO characterization is demonstrated over a measurement bandwidth of 10 Hz and
an average factor of 10.

Paper VI also contains an application using the second harmonic pumped FR-MOKE
setup presented in Sec. 3.3.3. Here, spatially and phase resolved measurements of mu-
tually synchronized SHNOs are shown (see Paper VI - Fig. 5). The results correspond

to a system of two 120 nm width SHNOs separated by 300 nm, which was locked to
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four different binary phase states with respect to each other. With a measurement band-
width of 10 Hz (acquisition time per pixel of 102.3 ms), the magnitude maps show a
S/N as large as 60. The phase maps show an S/N ~ 18. It is shown that the phase
contrast can be further enhanced by a factor of two by instead looking at the imaginary
component of the spectrum. It is interesting to note that although the dimensions of
the SHNO array are below the diffraction limit of the microscope, FR-MOKE provides
sufficient contrast to identify all SHNOs states independently. The acquisition speed
using FR-MOKE detection enormously surpasses the capabilities of a TFPI measure-
ment. With the latter, 2D SHNO phase mappings are unpractical due to the extremely

long acquisition time per pixel.

4.7 Investigations on a VIPA-based Brillouin miscroscope

The development of the optical virtual-image phase array (VIPA) represents an im-
portant milestone in the history of Brillouin spectroscopy. The first demonstration of
a VIPA-based Brillouin spectrometer was in 2008 by Scarcelli er al. [102]. The au-
thors presented an unprecedented and elegant solution that circumvented most of the
complexity of the TFPI. In contrast to a TFPI, Scarcelli’s solution is based only on a
few optical elements with no moving parts, which reduces the instrument’s cost drasti-
cally, as it does not require a vibration isolation platform, nor special room conditions.
Additionally, the expertise required for the operation and maintenance of a VIPA spec-
trometer is far simpler than what is required for a TFPI. These advantages benefited the
wide-spreading of applications of Brillouin spectroscopy in emerging research fields
such as elastography [119, 120], mechanobiology [121-123] and biomedical sciences
[124]. In spite of such advances, applications of the VIPA-technology for spinwave
imaging has not been reported so far.

This section presents an evaluation of a VIPA spectrometer for its use in FMR
microscopy. Although VIPA-technology has been very successful in the field of bio-
physics and could yield several benefits to the field of magnetic research, its implemen-

tation in the latter field is not trivial. The Brillouin scattering from magnetic structures
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is far weaker than in biomaterials. In addition, in opaque metallic compounds, the BLS
laser can only penetrates a few nanometers into the material, with extremely weak scat-
tering cross-sections.

The VIPA experimental setup is presented in detail in Sec. 3.3.1 and it is shown in
Fig. 4.1 for completeness. A Py film of 20 nm thickness was chosen for analysis as this
compound is a central material in the construction of magnetic nano-devices. More-
over, the FC-BLS approach has been implemented in order to provide an additional

enhancement factor in the scattering amplitude of the sample.
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Fig. 4.1 Experimental setup. The red dotted rectangle shows the VIPA spectrometer
arrangement. Fy is the coupling fiber to the spectrometer, F5 is a fiber link which
connects the suppression filter with the dispersive block. The elements L. and Lg
correspond to a cylindrical and an spherical lens, respectively. All other lenses shown
in the VIPA setup are aspherical collimation lenses. The rest of the elements in the
schematic follow the nomenclature from Fig. 3.1.

Let us first assess the spectral contrast of the VIPA spectrometer and compare this

with a typical measurement’s contrast requirements. The Rayleigh/Brillouin scattering
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ratio for Py estimated from measurements performed with the TFPI is ~ 120 dB. For
the VIPA, the manufacturer specifies a contrast of 60 dB at 6 GHz. The Brillouin back-
wards scattering from magnons is rotated by 90°, hence an additional suppression of the
elastic peak by approximately 40 dB can be achievable by a Glan-Thomson polarizer.
Aditionally, the VIPA unit possesses a double-pass etalon filter that provides an extra
suppression of 20-30 dB. Therefore, the VIPA, together with the polarizer and etalon
filter, achieves an estimated contrast of < 120 dB, which is the minimum contrast re-
quired to discriminate the Brillouin scattering of Py. Note that the contrast of TFPI is
140-160 dB without the additional 40 dB suppression provided by the Glan-Thomson
polarizer.

Figure 4.2 shows the thermal spectrum of Py acquired with (a) the TFPI and (b) the
VIPA spectrometer. The sample was subject to a 7200 Oe magnetic field. At this field
value the FMR resonance is expected to appear at approximately 8 GHz. The integration
time was set to 189 ms per channel, and a total recording time of 85 seconds for the
TFPI and 60 seconds for the VIPA spectrometer. The exceptional contrast of the TFPI
allows the discrimination of the BLS features, virtually-free from Rayleigh scattered
light. Conversely, the VIPA spectrum is largely contaminated by the elastic peak which
extends over several GHz. In the latter case, no Brillouin spectral features could be
clearly recognized. Moreover, in the VIPA spectrum the elastic peak broadens and
saturates the detector as the integration time is set to larger values. Saturation can not be
avoided by background subtraction, but it can be prevented by splitting the integration
is shorter exposures. This solution, however, did to give better results, presumably
because the read-out noise of the detector exceeded the Brillouin signal in this case.

Figure 4.3 shows the FC-BLS enhanced spectrum of Py subject to a pumping power
of 20 mW. The measurement conditions are identical as for Fig. 4.2. The measurement
performed with the TFPI shows an enhancement factor at § GHz of ~ 20 dB. This addi-
tional contrast permits the observation of the Stokes and anti-Stokes peaks in the VIPA
spectrum. It is clear from Fig. 4.2b that the Rayleigh tail covers the spectral region of

interest. The spectral feature at 9 GHz, which is resolved by the TFP]I, is not resolved in
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Fig. 4.2 Thermal Brillouin measurement comparison. a. TFPI measurement. b. VIPA
measurement. Yellow arrows mark the positions where the FMR peak is expected.
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Fig. 4.3 FC-BLC measurement comparison a. TFPI measurement. b. VIPA measure-
ment.

the VIPA spectrum. Figure 4.4 shows the 2D raw acquisition of 4.2b. Here, the bright
feature at the center corresponds to the Rayleigh light. Blooming of the sensor in the
read-out line (vertical direction) is observed. The Brillouin peaks can be identified in
the image and are encircled in yellow. The red line represents the direction along which
the Brillouin spectrum is extracted. Besides the 20 dB amplification factor, the spec-
trum obtained with the VIPA exhibits poor contrast. Hence, it can be concluded that at
this stage the VIPA unit does not fulfill the sensitivity and spectral contrast requirements
for spinwave imaging.

The instrument contrast can be further increased by suppressing the elastic peak

by employing additional etalon filters or gas absorption cells. By employing the latter
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Fig. 4.4 2D raw spectral data. The Brillouin peaks are encircled in yellow. The red
line represents the direction along which the 1D Brillouin spectrum is extracted.

mechanism, a suppression factor of 50 dB has been reported [125]. The poor sensitivity
of the spectrometer is entirely related to the camera sensor (CMOS technology, Pixelink
PL-D series), which could be improved, for instance by implementing instead a back-
illuminated CCD sensor. Such detectors offer a large sensitivity with near 98% quantum
efficiency, and a large well-capacity that may prevent saturation and excessive blooming
at the Rayleigh peak. Such improvements are out of the scope of this work, but are
presented, together with this evaluation, as part of a comprehensive roadmap to enable
VIPA-based microscopy of spinwaves in the future.

To conclude, a recent study published in 2020 [126] presented a comparison be-
tween a TFPI and a commercial VIPA spectrometer (also from LightMachinery). The
study shows a similar performance in both systems. However, the authors mention
the employment of a VIPA unit with a smaller FSR (30 GHz), two double-pass etalon
filters, and reported an spectral resolution of 0.1 GHz. With such improvements, the au-
thors reported a maximum contrast of 120 dB. This gives their instrument 30 dB larger
contrast, and 10 times higher spectral resolution than in the unit evaluated in this work.
This work suggests that the VIPA technology will be improved and become suitable for

more sensitive applications in a future, as for instance, in spintronics research.
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CHAPTER 5

Outlook and conclusion

When my colleagues and I started this project in 2016, we did not know what we would
discover. We merely started with the question of what would happen if we pumped a
magnetic oscillator in resonance using a very high repetition rate femtosecond laser. To
accomplish this apparently simple task, we built a completely new facility and designed
new experimental protocols. By that time, GHz repetition rate lasers were just intro-
duced to the market and this line of research began to become more popular. There were
only few references in the literature, and none of them using Brillouin light scattering.

Today, I believe this work has served to establish a unique technique, which has
been termed as frequency-comb Brillouin microscopy. This technique shows for the
first time ultrafast dynamics captured with BLS, which is a time-average technique in
the frequency-domain. This is in contrast to the extensive literature in the topic, which
is based almost entirely on time-domain techniques such as time-resolved MOKE spec-
troscopy. The high sensitivity and large scattering cross-section provided by this tech-
nique permits the microscopic imaging of laser driven spinwave and phonon propaga-
tion. Interesting phenomena, such as the generation of caustic combs, were discovered.
The studies performed here on thin films will serve as the groundwork for future re-
search on pulsed laser driven SHNOs and other spintronics devices.

Four years later, by the time I completed this thesis, the University of Gothenburg

had two running BLS laboratories (BLSlab1 and BLSIlab2), both fully automatized and
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equipped with an ultrafast laser scanning stage. Both laboratories were built together by
myself and my co-workers Ahmad Awad and Shreyas Muralidhar in a combined effort.
In this efforts, I was the main person responsible for designing and building the optical
assemblies, and writing the code of the user interfaces that control the optical systems.
The second BLS laboratory (BLSIab2) was finished in 2019 with several improvements
over the first BLS laboratory (BLSlab1) which was used for most of the work presented
in Papers I-V. The spatial resolution and the robustness of alignment of the BLSlab2
laboratory were enormously improved by implementing a high power single-mode op-
tical coupling to guide the probe beam from the optical table to the BLS microscope
top. The fiber works as an spatial filter which produces a clean gaussian beam pro-
file at the output. It also helps to simplify the routinely alignment of the microscope
to only one optical element (the fiber). After the optical fiber, the beamplitter cubes
were replaced instead by orthogonal beamplitter plates which compensate each other
from optical aberrations. These simple changes in the probe beam path reduced the
measured beam waist after the microscope from 320 to 190 nm increasing the spatial
resolution of the BLSlab2 system by 40%.

The ambition to pursue a BLS system which could be merchantable for spintronics
research lead me to an extensive investigation on alternatives to dispense with the TFPI
analyser. I then introduced two alternative approaches, one based on optical detection
using a VIPA spectrometer and a second option based on electrical detection exploiting
the MOKE effect.

The alternative, based on a VIPA spectrometer did not prove to achieve the mini-
mum contrast required in a typical FMR measurement. In principle, additional suppres-
sion filters could be added to the VIPA in order to reach a similar performance of the
TFPI. However, by adding filtering stages the VIPA station could become as expensive
and complex as a TFPI unit. Therefore, I stopped further developments in this direction.
Nevertheless, I believe further improvements in this technology will soon be made by
others, making Brillouin spectroscopy a more accessible tool for research.

On the other hand, electrical detection using FR-MOKE proved to be an elegant and
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promising approach. Using this method, I demonstrate high-resolution 2-dimensional
phase maps of SHNO devices within one hour of measurement time. This is remarkable
in comparison with previous phase-resolved BLS measurements of the same devices in
which only 1-dimensional phase profiles were possible due to the excessive acquisition
time required (tens of hours) in order to record 2-dimensional maps. Today, BLSlab1 at
our university is equipped with an automatized FR-MOKE microscope system.

I believe that progress in electronics will soon allow a complete migration from
bulky Brillouin optical spectrometers to electrical detection. Efforts in this direction
have been already accomplished. A. Bilenca has recently demonstrated a high-speed
stimulated Brillouin microscope which uses lock-in detection and a frequency-tunable
pump laser [127]. Here, the optical analyser has been made unnecessary in the setup.
However, this system still requires a complicated optical assembly for the excitation
laser and to reference the Brillouin frequency. I believe a stimulated Brillouin mi-
croscope can be realized with only few optical elements by using the same detection
principle as presented in Paper VI. The pump and the Stokes(anti-Stokes) laser beams
can be produced from a single frequency laser using a phase modulator (PM) driven at
the Brillouin resonance. The PM frequency input can be fed by the VNA and therefore
automatically referenced. The detection is done by a second laser (probe) using exactly
the same configuration shown in Paper VI. Since the probe laser can be an arbitrary
wavelength, the pump beam can be easily suppressed from detection by a commercial
spectral filter. Lately, our group procured such a phase modulator and work on this
route is in progress.

In conclusion, this thesis has established novel and unique Brillouin techniques,
which have been demonstrated in studies of magnetic films, spinwave imaging, ob-
servation of phonon propagation in crystals, characterization of spintronics devices,
and phase contrast imaging, to mention a few. The promise for these techniques in
the short term lies in the field of spintronics. We are closer to a full optical control,
readout, and laser synchronization of SHNO networks. Excitation of magnetoelastic

modes (spinwave-phonon coupling) is also plausible and promises a fruitful scientific
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outcome. In the long term, applications would be extended to emerging phononic tech-
nologies and quantum computing. Finally, the ideas presented here could benefit also
other research fields where Brillouin tools are required, such as biological and medical

physics.
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