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Abstract

Spinwaves (SWs) are a collective excitation of the local spin moments in a mag-
netic ordered medium. Spinwaves can be excited electrically using microwave
sources, direct currents, and by focused optical short pulses on a thin magnetic
film. Spinwaves are utilized in many emerging concepts for new technologies.
But the SWs in almost all proof-of-principle SW devices are generated using
electrical currents, inductive transducers and antenna structures, which severely
limit scalability and the operating frequencies. It has recently been shown that it
is possible to create and control SWs of high amplitude using a high repetition
rate femtosecond pulsed laser (fs-laser). However, the impact of different ma-
terial parameters is still unknown as the original demonstration of the technique
was conducted using a single NiFe (Py) ferromagnetic thin film with a thickness
(20 nm) comparable to the laser penetration depth.

In this project, we investigate SWs excited by fs-laser pulse trains (laser comb
with 1 GHz repetition rate) using Brillouin Light Scattering (BLS) microscopy.
We demonstrate that previous results are reproducible using a much thicker 100
nm film. Furthermore, in such thicker films, optical stimulation of SWs is clearly
observed to be efficient with harmonic frequencies up to 15 multiples of the rep-
etition rate of the pulsed fs-laser. The SW BLS intensity exhibits a stronger than
parabolic dependence on the laser fluence, and the heat-induced demagnetization
is found to follow the Bloch 7°3/2 law.

Moreover, we show that the optical excitation of sustained SWs is reproducible
over a wide range of film thicknesses (20-100 nm) and the efficiency is inversely
proportional to the film thickness. In order to further corroborate our conclusions
and to enhance the spin wave excitation efficiency, additional measurements on a
gold-doped Py sample were done. They showed the expected enhanced excitation
efficiency compared to the pristine film.
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1 INTRODUCTION

1 Introduction

In 1930 Felix Bloch published a short paper on the interactions between metallic elec-
trons and a concept he called spinwaves [1, 2]. The idea, that Bloch had while visiting
the Physical Laboratory of the Rijks University, involved electron spins flipping and
interacting with each other and it was used to explain the reduction of the magnetiza-
tion as a function of temperature. The theory not only furthered our understanding of
magnetic materials, but is also essential in the emerging field of magnonics [3, 4, 5].

Spinwaves (SWs) can be described as collective perturbations of the magnetic order
(magnetization) of a magnetic material. Magnetization can be seen as the collective
behavior of many ordered spin states, i.e. the magnetic moment. When a strong ex-
ternal magnetic field is applied to a ferromagnetic solid, the magnetic moments will
align along its direction. This alignment, or any other dynamics the magnetic moment
experiences, is performed through a damped precessional motion [6]. The collective
precession of these moments is the SW. Spinwaves are quantized and consist of quasi-
particles called magnons, analogous to the phonons of the atomic vibrational waves in
a solid [7, 8].

Spinwaves have high potential for applications in signal generation and future alter-
native electronics, known as magnon spintronics and magnonics, where the SWs re-
place electrons as information carriers [9, 3, 10]. Devices based on SWs operate at a
high frequency (GHz to THz) relevant for fast communications and processing, due
to the intrinsic high-frequency nature of SWs. This has potential for implementation
in wave-based computing and other alternative computing schemes such as neuromor-
phic computing [11, 12]. Another attractive feature of SWs is that they can be utilized
without application of electrical charge currents, which are the leading power drain in
electronics, through significant Joule heating dissipation. Furthermore, magnons are
several orders of magnitudes smaller than their electrical signal counterparts operating
at the same frequency, which directly offers more compact spintronic and magnonic
components, compared to electrical ones [7, 13].

Despite the concept being very promising, there are several obstacles that one must
overcome in order to construct adequate magnonic devices. One of the major bottle-
necks is the local generation and channeling of the SWs. There are several ways of
exciting spinwaves, such as through microwave currents, short magnetic pulses [8],
and DC currents [14]. Although these are well-established forms of SW generation,
they are currently not meeting the demand for high frequency, efficiency and control-
lability beyond the commercially available electronics. Moreover, these methods often
require nanostructuring to function, which complicates the device design and fabrica-
tion. Being able to selectively generate and manipulate spinwaves is a necessity to
construct magnonic devices. In this project, we will therefore, examine a relatively
new method of SW generation, namely excitation through laser pulses [15].
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Spinwaves can be excited via laser light through a process known as ultrafast demagne-
tization, described in more detail in section 2.6. This contactless approach has several
benefits such as simpler device construction. That said, the method is also associated
with its own set of obstacles. In particular, the SWs generated this way are quickly
dampened and they can therefore be difficult to detect. However, recent studies have
shown that it is possible to maintain an efficient generation of SWs at high frequencies
using a pulsed laser with a high repetition rate [13, 16, 17]. This new approach of
generating SWs without electrical means has a tremendous potential to advance both
magnonic research and devices, resolving frequency and design constraints. Such a
laser configuration is utilized in the unique experimental setup used in this project and
the optical method of SW excitation via laser is evaluated.

Furthermore, studies previously referred to have been limited to investigations of a
single sample type. To fully utilize this new method, the behavior of the SWs must
be characterized for materials of different dimensions and properties. Thus, in this
project, we aim to further the scientific understanding of this method by studying the
properties of thermally and optically excited SWs as a function of the pulsed laser
power, the thickness of the sample film, and the strength of the applied magnetic field.
Spinwaves will be examined in a nickel-iron alloy (Py) and their properties will be
compared with those of doped Py films in order to study the effects of the Curie tem-
perature.
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2 Spinwaves

2.1 Precession of Magnetic Moments

A typical ferromagnetic material consists of a single or multiple magnetic domains,
that are clusters with uniform magnetization. Inside each magnetic domain, the mag-
netization can be represented by a set of magnetization vectors all pointing in the same
direction [6]. The field strength needed to align all domains is called the saturation
field. In addition to its static properties, the magnetization also exhibit dynamics in
the form of a damped precessional motion. If an external magnetic field is applied,
these magnetic moments will tend to align with the field like a compass needle. The
magnetization dynamics can be described by a phenomenological equation called the
Landau-Lifshitz-Gilbert equation [18]

dM Lo G - oM

E = _Y(MXHBH)+W(MX W),

where the first term on the right-hand side corresponds to the precessional motion and
the second to the magnetic dampmg In the equation, Y is the gyromagnetlc ratio, G is
the Gilbert damping constant, M is the magnetization moment, and Heff the effective
magnetic field. By solving the precessional part of this equation of motion, which is
done by ignoring the damping component, one obtains the Kittel equation [6]. As-
suming a thin film and that the applied magnetic field is in the film plane, the Kittel
equation is reduced to the following form [6]

6]

fr — %.U«O\/(Hext‘f’Hk) (Hext+Ms)- (2)

Where M; is the saturation magnetization, Hex; the strength of the applied magnetic
field, Lo is the permeability of vacuum and Hj is the in-plane magnetic anisotropy. The
magnetic anisotropy is a parameter that defines a preferred direction for the alignment
of the magnetization [18]. f; is the frequency of the precessing magnetic moments and
it is called the ferromagnetic resonance (FMR) frequency.

While the FMR describes the in-phase precession of all the magnetic moments, higher
modes of motion exist where the magnetic moments have a constant phase offset from
their neighbors, thus forming a wave. This is seen in Fig. 1 and these waves are higher
mode SWs.
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Figure 1: Spinwave illustration, (a) side view of the magnetic moments, (b) top view of the
same magnetic moments. The green line shows the spinwave profile.

As the magnetic moments precess, the component of the moments pointing along their
original direction decreases. The more energy that is added to the system, the more
these magnetic moments deviate from their original directions. When no component is
left in the original direction, the net magnetic moment is zero. The Curie temperature
defines the thermal energy needed for this complete loss of ferromagnetic order. This
is a simplified view of how the temperature affects the magnetization.

2.2 External and Internal Field

The magnetic field inside the film will not be the same as the externally applied field.
The spinwave dispersion and the behavior of the magnetization are both dependent on
the magnitude and the direction of the internal magnetic field. Thus we need to solve
the magneto-static boundary conditions (MSBC) for the film to determine the internal
field. Using the Cartesian coordinate system in Fig. 2, the MSBC have the following
form [19]:

=
H( xt
4 =
Hm

> N

3)

Hip cos(6i) = Hext €0S(Oext) — Mscos(6iy)
M sin(26;,) = 2Hex; Sin( 6y, — Oext)-

X

Figure 2: Magnetic field coordinates, coordinate system showing the applied external field
and the internal field in a magnetic film with governing boundary conditions.
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Where Hey; and Hj, in Eq. (3) are the external and internal field, respectively, and ey
and 6;, are the external and internal angle from the surface plane of the film. The
external angle and field in relation to the sample can be seen in Fig. 9. Due to these
conditions, the Kittel equation (2) takes the following form in ferromagnetic films [18]:

i = Lo (B -+ Hi) (Hi + My 082 (B). @

The internal field and angle is important for describing the frequency dependence and
the dispersion of the higher SW modes, especially as our setup has the field applied at
oblique angles. This can be seen in Eq. (5) in the following section.

2.3 General Spinwave Modes and Dispersion

Spinwaves created by phase-offset precession of the magnetic moment have a finite
wavelength, in contrast to the in-phase FMR precession. The frequency of the higher
mode SWs is described by a dispersion relation. The dispersion of the SWs can be
obtained using a simplified version of Eq. (45) from [19] which reads as follows:

_ YHo

f27'L'

V/ (Hin + M) (Hiy + B MR + My ), 5)
where lex = \/2Aex/ ,qusz, H;, and 6;, are the magnitude and the out-of-plane angle
of the internal field, respectively. These are calculated by solving the MSBC for the
film as seen in Eq. (3). Aex is the exchange stiffness and Fy in Eq. (5) is given by
Eq. (46) from [19], defining the SW wave vector dependence on sample thickness
and propagation direction. k is the absolute value of the wavevector k in all of the
equations above. Using this, calculations of dipole-exchange SWs and magnetostatic
waves in the ferromagnetic samples can be made [19]. Eq. (5) allows us to calculate
the characteristics of spinwaves in ferromagnetic thin films. Furthermore, we can use
the measured SW frequency versus field to extract the magnetic properties Mg, Aex
and 7y of the sample.

2.4 Perpendicular Standing Spinwaves

The dispersion relation described in Eq. (5), when applied for the direction along the
thickness of a thin film, gives rise to quantized standing waves perpendicular to the sur-
face of the film, so called perpendicular standing spinwaves (PSSWs). These waves
have a quantized nature as the thinness of the film forces the k-vectors apart. This can
be understood by analogy to classical electromagnetic waves in a resonant cavity. As
the size of the cavity increases the differences in frequency, and thus also energy, be-
tween different wave modes decrease. This behaviour will also be seen for PSSWs as
the thickness of the film increases. The difference in frequency is given by a modified
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version of Eq. (5) that takes the following form:

frssw = %HO\/(Hin + 12 Mk?) (Hip + 12 Mgk + Mg cos?(6;,)). (6)

Different modes of PSSWs are illustrated in Fig. 3, where k = 7n/L, n is an integer,
L is the thickness of the sample film and the wave vector k here is out-of-plane wave
vector.

Perpendicular

Standing Spin Waves/

| Magnetic
. Film

n=1 n=2 n=3
Figure 3: PSSW illustration. Profile of different PSSWs modes in a magnetic film of thick-
ness L.

2.5 Brillouin Light Scattering

When a photon collides with a magnon, it will scatter inelastically. The photon will
either gain energy or lose energy, the interaction being that the photon either absorbs
or creates a magnon. These processes are known as Stokes and Anti-Stokes respec-
tively. The described inelastic scattering process as a whole is known as Brillouin light
scattering (BLS), and the process is applicable to other quasiparticles with the same
frequency range, e.g. acoustic phonons, see Fig. 4. In the quantum framework, the
magnons share the same energy level as photons with the same frequency. Thus the
energy and frequency change of the scattered photon corresponds to the absorbed or
created magnon. We summarize this in Egs. (7a) and (7b) [7].
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Figure 4: Brillouin light scattering. The generation of a magnon (Stokes process) is shown
along with the governing energy and momentum conservation equations of both the
generation and annihilation processes. Figure by T. Sebastian et al. [7], licensed
under CC BY 4.0.

Furthermore, the polarization of the scattered photon is rotated by 90° with respect
to its initial polarization when it scatters with a magnon. This change in polarization
makes it possible to differentiate photons scattered off of magnons from unwanted
reflected photons as well as photons scattered from phonons, as they do not suffer
polarization change. [7]

2.6 Ultrafast Demagnetization

The manipulation of magnetic order by ultrashort laser pulses was reported back in
1997 [20]. When a femtosecond (fs) laser is fired on a magnetically ordered thin film,
the laser pulses rapidly increase the local temperature and fast sub-picosecond demag-
netization occurs. The manipulation mechanisms arise from the interaction of photons
with electrons, spins, and the lattice, and angular momentum transfer between them. A
simple model that describes this local behavior is the three-temperature model [21, 22].
An illustration of the model can be seen in Fig. 5. The electrons that primarily absorb
the energy of the photons interact with the lattice and the spin system in the material,
resulting in the demagnetization of the material. The temperature then equilibrates on
a much larger time scale, while the magnetization recovers within picoseconds. This
local perturbation of the magnetization, both the demagnetization and remagnetization,
generates SWs in the material [15].
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Figure 5: Ultrafast laser induced demagnetization and SW triggering. Illustration of
the excitation mechanism. (a) Schematic view of the phenomenological three-
temperature model, that describes the energy transfer from the optically excited hot
electrons to both the spin and lattice sub-systems and subsequently the energy equi-
libration between those subsystems. (b) The three temperature model timescales and
the corresponding ultrafast demagnetization and magnetization on a picosecond time
scale and the resulting SW excitation sustaining on a nanosecond timescale.

Since the spinwaves have a decay time on the order of nanoseconds, it is not possible
to study the SW dynamics directly with averaging technology. Therefore pump-probe
techniques are primarily used for the characterization of this phenomena [22].
However, by continuously exciting SWs with laser pulses at a very high frequency, the
SW dynamics are not allowed to be damped out. This makes it possible to continously
create sustainable SWs by optical means, either by the inverse Faraday effect in
insulating ferrimagnets [16, 17] or more recently, demagnetization [13].

The intensity of the SWs is a function of demagnetization. However, the demagne-
tization occurs around a fixed point along the magnetization curve of the material.
Depending on where along this curve the material is, the same laser pulse can achieve
different amounts of demagnetization. Thus, the SW intensity is also a function of
temperature. A schematic representation of this dependence on the temperature can be
seen in Fig. 6.
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Figure 6: Magnetization dependence on temperature. The magnetization for two materi-
als as a function of temperature. Note how a temperature change of AT results in
different magnetizations changes AM for the two materials.

The curves in Fig. 6 present the magnetization of two ferromagnetic materials with
different Curie temperatures. Above the Curie temperature, the magnetization of the
material will be zero. At low temperatures, the magnetization approximately follows
the Bloch law [23]:

M(T) = My(0)(1 — (T /T.)*?). ®)

Above, M(0) is the magnetization at zero Kelvin, T is the temperature in Kelvin and
T is the Curie temperature. When the temperature increases, the magnetization of the
material decreases, corresponding to the excitation of thermal magnons as discussed in
section 2.1. As the Curie temperature 7; is decreased, a greater demagnetization should
be achieved for the same change in temperature. Therefore, a higher SW response to
the fs-laser is expected for low Ti-materials, such as permalloy doped with a non-
magnetic material.
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3 Method

The experiments were conducted using a unique setup for BLS measurements and
excitation of SWs utilizing a high repetition rate fs-pulsed laser. BLS measurements
are done by focusing a laser on the sample as seen in Fig. 7. Some of the photons of the
laser will hit the magnons and scatter. This will result in the annihilation or generation
of a magnon, in a so-called Anti-Stokes or Stokes process, respectively, and shift the
frequency of the scattered photon as described in section 2.5. The frequency change
in a scattered photon is dependent on the frequency of the magnon it scatters with
and whether a magnon is created or annihilated. The frequency shift can be directly
measured using a tandem Fabry-Perot interferometer where each photon is counted,
thus a spectrum is constructed which can be subsequently analyzed.

fs-laser

BLS probe

Figure 7: Excitation and detection of spinwaves with light, schematic view of spinwaves
being excited by the fs-laser and detected with the BLS microscope.

Measurements of spinwave BLS spectra were made as a function of the external ap-
plied magnetic field, where the SW spectra were measured at each applied magnetic
field value. This type of measurement was done both with and without the fs-laser
being fired at the sample. Additional measurements at a fixed external field value were
made where the fs-laser power was varied instead. Finally, all of the previously men-
tioned measurements were done using Py films of different thicknesses and a 100 nm
thick gold-doped Py film.

10
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3.1 Brillouin Light Scattering Microscope

In order to detect and excite the SWs, a fs-laser combined with a BLS-microsope was
used (see Fig. 8). The combined microscope works as follows: An external magnetic
field is applied through an electromagnet to allow for the tuning of the precession of
the magnetic moments and thereby SW frequencies. Then an ultrafast fs-laser hits the
ferromagnetic sample with laser pulses at a frequency of 1 GHz, producing ultrafast
demagnetization as described in section 2.6. The fact that the femtosecond long laser
pulses are being sent out at a frequency of 1 GHz is a large part of what makes this
setup unique, as it allows for sustained excitation of the SWs. Without a sufficiently
high laser repetition rate the SWs would be damped out and impossible to detect using
BLS. When the probe laser hits the sample, at a point of interest, photons are scattered
due to the BLS effect. A schematic view of the setup is shown in Fig. 8.

Detector Tandem Fabry Perot

l scanning s %

stage

CCD

BS

=i}
;
®
=
2
i 4

’ LED

Dichroic
mirror

100x
<) Objective
BS
=N

fs-laser E met

Figure 8: Frequency comb enhanced Brillouin microscopy, a schematic view of the micro-
scope optical layout. The unique setup is nicknamed Frigg Microscope and located
at the University of Gothenburg. The pump fs-laser has a wavelength of 816 nm
and a pulse width of 120 fs and a repetition rate of 1 GHz. The probe laser is
single-mode with a wavelength of 532 nm. The grey box in the top left illustrates
the high-resolution 6 pass tandem Fabry-Pérot interferometer. Abbreviations: BS,
beam splitter. M, mirror. FP1 & FP2, Fabry-Perot optical cavities (etalons). PR,
prism. PBS, polarization beam splitter. R, reflector. CCD, charge couple device
camera.

1
1
&

Probe laser

The incident probe light is both monochromatic and linearly polarized. The light in-
elastically scattered from a magnon experience a change in polarization, as explained
in section 2.5. Thus a polarizing beam splitter is used to filter out the elastically re-

11
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flected light and inelastically scattered light from acoustic phonons. The light is then
directed to a high-resolution Fabry-Pérot interferometer that can resolve the frequency
of the photons, and thus the frequency shift due to the scattering by the SWs.

The BLS microscope has to have a high resolution in MHz (much less than the pi-
cometer wavelength change due to the scattering) and a high contrast better than 10°
—10'9 to resolve the SWs. Such requirements require a very special optical solution
and therefore a commercial six pass high-resolution tandem Fabry-Pérot Interferome-
ter produced by JRS Scientific Instruments was used in this study. The interferometer
consists of Fabry-Pérot etalons which are optical cavities, each made from two par-
allel reflecting surfaces. The light that enters the etalon will be reflected back and
forth between the surfaces, and only photons whose wavelength corresponds to the
distance between the two surfaces will resonate with the cavity and be able to pass.
The etalons can, therefore, be aligned in such a way that only light with the desired
frequency reaches the photo-detector, where the measurements are made. Inside the
Fabry-Pérot interferometer used in this experiment, light passes through the etalons
six times (see Fig. 8), resulting in the required high contrast measurement of the opti-
cal frequency [24]. Synchronization of the etalons spacing with the detector channels
allows for assignment of the number of photons detected at each frequency, thus pro-
viding a spectrum in frequency space. The use of a BLS-microscope also permits a
spatial resolution down to around 320 nm.

3.2 Permalloy Thin Film Deposition

The permalloy (Py) NiFe (80 % nickel and 20 % iron) thin films were fabricated using
magnetron sputtering on c-plane (2 cm by 2 cm) sapphire substrates with 0.5 mm
thickness. Sputtering is a process in which a solid material is bombarded by energetic
atoms or ions in a plasma, which causes microscopic particles, atoms and molecules, to
be emitted from the surface of the material and deposited on to the substrate. Sputtering
is a useful method for creating thin films with thicknesses in the order nanometres.
The film thickness was varied between different samples 20 - 100 nm by controlling
the deposition time already calibrated for Py. A thin 10 nm layer of silicon oxides
(Si0) was deposited on top of the Py to prevent oxidation. A schematic view of the
thin films is found in Fig. 9. The sapphire substrate is much thicker than the films and
have an excellent heat conductivity that contributes substantially to heat dissipation.
Additional older Py films, that already existed in the lab, doped with small amounts of
approximately 10-15% of gold were also used.

12
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Figure 9: The sample and coordinate system, a schematic view of the thin film samples fab-
ricated using sputtering deposition of permalloy films with thicknesses ranging from
20-100 nm on sapphire substrate with a silicon oxide capping layer. The magnetic
field H is applied in an oblique direction.

3.3 Experiment Control and Automation

The experimental setup consists of several complex instruments with many different
parameters that need to be adjusted or varied. The setup uses a THATec interface
for the LabVIEW platform to conduct the experiments, which allowed for centralized
control of the instruments and automation of the process with simultaneous multiple
parameter control [25]. The measurement data was finally extracted to text files con-
sisting of the used parameters as well as a file for the intensity (BLS-counts) matrix.
Additionally, we added a module to control the output polarization analyzer to the
setup automation, see Fig. 19 in appendix A.

3.4 Data Analysis

The data was analyzed using a MATLAB-script GUI shown in Fig. 10. The script
read the measurement parameters from the extracted files mentioned in the previous
paragraph, where one of the text files is combined with the BLS-counts matrix, in order
to produce figures such as Fig. 11a and 15a. The modes were then selected and the
parameters of interest, frequency and peak intensity, within these modes were extracted
by fitting Lorentzian peaks to the data. The determined parameters were fitted to the

13
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dispersion relation of Eq. (6) in order to obtain the saturation magnetization, exchange
stiffness and the gyromagnetic ratio. For the fs-laser power dependence, the power of
the laser and the counts that correspond to a mode were extracted, and fitted to a Bloch
law 73/2 model [13] with the following form:

SM2 = A28 — (1, + F)¥/?)2, 9)

Where A and t; are the fitted parameters, and F is the fluence of the fs-laser. It is
assumed that the temperature is proportional to the laser fluence.
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Figure 10: MATLAB program used in the data analysis, The image show a snapshot of
the user interface of the MATLAB script used to extract, process and visualize the
data. The program was substantially improved during this study.

The MATLAB script used originated as a somewhat bare-bones program capable of
extracting data by fitting Lorentzian distributions to the data for every value of the
swept parameter, those being fs-laser fluence or external magnetic field strength. The
program has been enhanced, by the authors of this study, with many new features and
much has been done to improve both its latency and readability. Following is a short

14
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summary of said improvements. To expedite the analysis of large sets of data, a recur-
sive search function that automatically detects and loads measurement data has been
programmed. It was found that to properly extract data from some measurements,
the Lorentzian fitting could be conducted over the swept parameter instead of the fre-
quency, that is to have the swept parameter as the x-axis variable. This functionality
was added. A simple function to plot the FMR mode was also added for a quick in-
spection. In order to visually compare different measurements with different signal
intensities, a logarithmic view feature was implemented. The functionalities to shift
the frequencies to align modes and to select the minimum and maximum values of the
color scale were also added. With several features required to produce visually pleas-
ing images all ready implemented, a dedicated function, the ”Save Image” button, to
export figures was created.
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4 RESULTS AND DISCUSSION

4 Results and Discussion

In this section, the results will be presented and discussed. It was found that the SWs
in thinner magnetic films were more excited by the fs-laser, leading to greater SW
intensity. The SW intensity was found to approximately decrease exponentially with
increasing film thickness. It was also observed that the fs-laser was able to excite SW
modes up to 15 GHz, i.e. 15 times the fs-laser repetition rate. The gold-doped Py
sample had roughly an order of magnitude greater intensity compared to a pristine Py
sample of equal thickness. Due to the Covid-19 outbreak and one of the controller
computers of the setup, a number of follow up measurements that had been intended
could not be carried out. This has limited the scope of the comparisons between the
doped and pristine Py samples, as only the 100 nm doped sample was thoroughly
studied. However, preliminary results on doped samples of different thicknesses
indicated similar behavior to the pristine case with respect to the excited SWs and the
power dependence trends.

The results section will be arranged as follows, first we discuss the general behaviour
of the SWs in a 100 nm thick Py film, with and without fs-laser. Then we examine the
laser power influence on the sustained SWs, subsequently we compare the behaviour
of the sustained SWs in different thicknesses of the Py films. Finally we show the
effect of doping Py and the implications that it has on the sustained SW intensity.

4.1 Magnetic Field Sweeps

First we examine the SW frequency field dependence. As discussed in sections 2.2
- 2.4, such measurements can be used to extract the magnetic saturation M, the
gyromagnetic ratio Y, and the exchange stiffness A¢x from the dispersion relation in
Eq. (6). The way this is done is illustrated in Fig. 11, for a 100 nm permalloy film.
The color plots show the logarithm of the BLS counts spectra which is proportional to
the number of detected magnons (via detected photons using BLS) as a function of
the external magnetic field.
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Figure 11: Spinwave frequency as function of applied magnetic field, (a) u-BLS (logarith-
mic scale) spectrum as a function of the applied magnetic field for the 100 nm
permalloy film. The local intensity maxima correspond to the spinwave modes. (b)
The data points are extracted SW frequencies at each field value in (a), the lines are
fits to the theoretical SW dispersion relation, Eq. (6), which is used to extract the
material magnetic parameters Mg, ¥, and Agx.

In Fig. 11(a) several SW modes can be examined. From lowest to the highest fre-
quency, they are the FMR, and then the first, second, and third PSSWs. The width
of the FMR region is due to the dispersion relation, as the microscope lacks k-vector
resolution it detects all of the in-plane SWs up to the resolution of the microscope.
The field and frequency for the maxima corresponding to the SW modes are extracted
by a multipeak fitting of the spectrum with each peak corresponding to a single sym-
metric Lorentzian. Afterward, the dispersion relation is fitted to these points as seen
in Fig. 11(b). This allows for the extraction of the magnetic material parameters M,
Y, and Aex. For this 100 nm film Mg = 0.82 T, y = 29.4 GHz/(2n-T) and Aex =
10.1 pJ/cm, which are in good agreement with typical Py parameters [26].

4.2 Magnetic Field Sweeps with Femtosecond
Laser

To understand the effect of the fs-laser on the frequency spectrum of the SWs, similar
measurements to those in the previous section must be made with the fs-laser turned
on. From these measurements, both qualitative and quantitative comparisons can be
made to the thermal SWs. In this section, we will restrict the study to the qualitative
difference for a selected fs-laser fluence.
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Figure 12: Effect of fs-laser on spinwaves spectra, (a) (-BLS (logarithmic scale) spectrum
as a function of the applied magnetic field (b) uFC-BLS spectrum where the fs-
laser is turned on with a fluence of 5.04 mJ/ cm?. (c): The difference between (a)
and (b) where negative values set to zero. (d) u-BLS (linear scale) spectra at 6000
Oe with both laser on and off.

Figure 12 compares the external magnetic field sweeps with and without the fs-laser
for the 100 nm Py film. The laser induced SWs in Fig. 12(b) exhibit similar field
dependence as the thermally generated SWs in Fig. 12(a). However, unlike the
thermally excited SWs, the laser induced SWs are clearly excited at frequencies that
are multiples of the fs-laser repetition rate of 1 GHz, as can be seen in Fig. 12(d). This
happens as the spinwaves which are in phase with the repetition rate gets amplified.

The amplification is higher for the PSSWs than the FMR and other SWs. This is likely
due to that the PSSWs are excited along the thickness of the film, where the region is
mostly stimulated by the fs-laser. The in-plane wavevector SWs and to lesser degree
the FMR propagates and extend along the plane of the film and are coupled to the
unstimulated regions of the film, resulting in a higher damping.

Moreover, the fs-laser induced SWs seemingly only amplifies the thermal SWs up
to a frequency of about 15 GHz, as the upper most PSSWs seems to be unaffected
by the fs-laser. This restriction is due to the SW damping and the amplitude of
demagnetization. This means that the SWs above 15 GHz are completely dampend
between two pulses of the fs-laser. The implications of this is important considering
that the sought after SW applications are in the high frequency regime from GHz to
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THz. Further studies into what determines this limit are of high interest, whether it is
the damping of the mode or additionally the overlap with the fs-laser spot, tuning the
laser repetition rate to a few tens of GHz would be probably capable of exciting SWs
up to hundreds of GHz.

Figure 12(c) shows the differences between Fig. 12(a) and (b). This figure is presented
with negative count values set to zero in a logarithmic scale, this is done to make the
changes clearer. It is clear that the frequencies of the different modes, have decreased.
This decrease in frequency should be caused by the increase in the local equilibrium
temperature as the fs-laser heats the sample, causing AM to increase as described in
Fig. 6. This decrease in magnetization lowers the frequency of the different modes
as described in Eq. (4) and (6). It can be noted that the decrease is larger for higher
modes. This is described by theory as M is multiplied with the k-vector squared, thus
modes with a larger k-vector are more sensitive to changes in Mj.

4.3 Femtosecond Laser Power Dependece of
Spinwaves

After examining the effects of the fs-laser on the spinwave dispersion, the laser power
dependence of the excited SWs was studied, as seen in Fig. 13. Furthermore, the BLS
counts for the different modes were extracted. These are of interest as the relationship
between the local temperature and the amount of generated magnons is given by the
Bloch T%/2 law (Eq. (9)). To check if this holds true the extracted BLS counts for the
different modes and the 1 GHz harmonics were fitted to Eq. (9) with the assumption
that the local temperature is proportional to the applied laser power.
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Figure 13: fs-laser power sweep, (a) SW intensity as a function of laser fluence. (b) Points
are SW intensity for frequencies of 8, 9, 10 and 11 GHz, as function of the laser
fluence extracted from (a). The solid lines are fits of the BLS spectra to Bloch T3/2
law, Eq. (9).

The SW intensity as a function of the applied laser power (laser fluence) and frequency
for an undoped 100 nm thin film is shown in Fig. 13(a). The SW intensity is also
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4.4  Sustained Spinwaves vs. Film Thickness 4 RESULTS AND DISCUSSION

shown as a function of only fluence for the different frequency modes in Fig. 13(b). It
can be seen in Fig. 13(b) that the Bloch law fits the experimental data for 100 nm thin
film reasonably well.

4.4 Sustained Spinwaves vs. Film Thickness

In order to characterize the efficiency and the behavior of fs-laser sustained SWs with
respect to the film thicknesses, both field and fs-laser power sweep measurements were
conducted using a series of films with different thickness (20 to 100 nm). Figure 14
shows field sweeps, like those in Fig. 11 and 12, for permalloy films with thicknesses
of 20 and 60 nm.
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Figure 14: fs-laser sustained SWs in permalloy films with different thicknesses, (a)-(f)
BLS spectra of SWs versus magnetic field. (a), (d) BLS spectra as a function of the
magnetic field, the overlaid lines are the theoretical dispersion relation for different
SW modes for 20 and 60 nm, respectively. (b), () BLS spectra vs. magnetic field
strength with the fs-laser on with a laser fluence of 2.52 mJ/cm? for 20 nm and 60
nm respectively. (¢), (f) The difference between the field sweeps with and without
the fs-laser on for 20 and 60 nm, respectively.

From Fig. 14(a) and (d), it is clear that as the thickness of the film increases more SW
modes become visible, as their frequency reduces due to the wavelength increase, via
the effect described in section 2.3. These modes are the PSSWs as shown in section
4.1. The values of the magnetic saturation My and the exchange stiffness A¢x can be
determined using the Kittel equation, Eq. (4), and the dispersion relation, Eq. (6). This
is done for the field sweeps without fs-laser and the values of M and Acx are shown in
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Table 1. The table shows that the exchange stiffness is lower for 100 nm compared to
60 nm. The 20 nm sample has no PSSWs hence it is not possible to extract a value for
Aex at 20 nm thickness. But nevertheless all values are comparable and the fabricated
films could be used to verify the thickness dependence of the fs-laser SW excitation.

Table 1: The table shows the measured values for each thickness of the undoped permalloy
films. M and y/2 are fairly constant.

Thickness (nm) | Mg (T) v/27n (GHZ/T) | Aex (pJ/cm)
20 0.85 +0.01 | 31.0 £0.1 (No PSSW5s)
60 0.82 £0.01 | 294 +0.1 10.6 £0.05
100 0.82 +0.01 | 29.4 +0.1 10.1 £0.04

Furthermore, when comparing the field sweeps with and without the fs-laser, one can
note that the 60 nm sample is less stimulated by the fs-laser as compared to the 20
nm sample for the same fluence. This suggests that the demagnetization amplitude
has increased more for the thinner sample. Additionally, the colormap difference in
Fig. 14(c) and (f), shows that the incoherent magnon spectra has shifted to lower
frequencies, especially for the 20 nm thick sample, presented in Fig. 14(c). This
denotes a reduction of the equilibrium magnetization parameters, which indicates a
higher residual temperature in the films. These observations, the change in ultrafast
demagnetization amplitude and residual temperature, operate on vastly different
timescales, however we speculate that they both are caused by a decrease in local
energy in thicker samples. We will discuss this more thoroughly when comparing the
fs-laser power sweeps for different sample thicknesses.
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Figure 15: Sustained SWs in permalloy films with different thicknesses as a function of
laser power, (a)-(c) BLS spectra of SWs as a function of fs-laser fluence with a
fixed external field of 6000 Oe, for 20, 40 and 60 nm, respectively.

The fs-laser power sweeps for the different thicknesses show that the laser has a greater
effect on the thinner samples, which is illustrated in Fig. 15. As the thickness decreased
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the intensity of all the harmonics increased. An additional observation is the substantial
increase of the PSSWs compared to the other SWs with in-plane wavevectors.
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Figure 16: Sustained SW efficiency for different thicknesses, the figure shows the sustained
SWs at 8 and 10 GHz modes for samples with different thicknesses. Lines are
theoretical fits to the Bloch equation, Eq. (9). The insets show the extracted pa-
rameters from the theoretical fit as a function of the film thickness for 8 and 10
GHz, respectively. When appropriate, exponential functions have been fitted to the
parameters.

The Bloch law (Eq. (8)) seems to describe the SW behavior quite well. In Fig. 16 the
magnon count is shown as a function of laser fluence for different sample thicknesses
and two different frequencies. These modes are chosen as they do not overlap with a
PSSW for any of the thicknesses, making them more readily comparable. The curves
follow the observed general trend with thicker samples having lower magnon counts.
The insets show parameters A and 7, from Eq. (9) as a function of sample thickness
for the two frequencies. The parameter A reflects the intensity of the mode, as can be
seen in the equation. The solid blue trend line, a decaying exponential, shows that the
intensity decreases with increasing sample thickness.

The second parameter from Eq. (9), f., is less intuitive in its function. It reflects where
along the fluence axis the mode starts to rise, a low value signifies that the mode
slowly rises whilst a high value means that it rises quickly. In the insets, we see that
t; seems to approach zero with increasing sample thickness at 8 Ghz. The trend is not
as obvious, however, for the 10 GHz case, it seems to be constantly zero. This can be
interpreted as the thinner samples being more readily excited by the laser, compared
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to the thicker samples, which need a much higher fluence to show the same intensity.
One can also note the much greater uncertainty in this parameter, this is because it has
less of an effect on the curve as compared to A.

As seen in Fig. 16, the thickness of the film has a large effect on the optically excited
SW intensity. Our interpretation of this is that there is a reduction in ultrafast heating
for thicker samples due to an increased reflectivity of these films. Previous studies
have shown that the absorption rate of thin nickel films on sapphire substrates does
indeed decrease with the film thickness [27]. This behaviour can be seen for many
other metals, such as iron, as well [28]. Therefore, we expect permalloy to behave
similarly. This lower absorption means that more of the light from the fs-laser is
reflected leading to less transient heating in thicker samples.

Additionally, the local energy is reduced due to the ultrafast heat transport of hot
electrons. When the fs-laser strikes the sample, it delivers its energy to the electrons
as described by the three temperature model. Since the penetration depth of the laser
is around 10-20 nm in permalloy [29], these high energy electrons will quickly diffuse
out into the less affected regions of the sample. This diffusion happens on a timescale
that is relevant to the ultrafast demagnetization [30, 31]. Moreover, the decrease in
local transient heat, on an ultrafast timescale, causes a decrease in the equilibrium tem-
perature bath. This will lead to a lower demagnetization amplitude for thicker samples.

With the strong thickness dependence seen, we conclude that in future magnon ap-
plications using optics to excite SWs, the thickness of the SW device, in conjunction
with the laser fluence, will be an important design criterion.

4.5 Effect of Doping

In the previous section, we showed systematically that sustainable SWs could be ex-
cited in thin Py films, with the efficiency being higher for thinner films. A question
that arises is how to further enhance the efficiency of the excitation. A straight for-
ward answer would be to use materials with lower damping or otherwise to enhance
the demagnetization amplitude further. In this study, we took the opportunity of test-
ing similar samples which existed in the lab. A set of Py samples which had been
deposited earlier for the sake of the project, were initially characterized during the
project and discarded due to a contamination of what we expect to be gold from the
target housing and enclosure during the deposition.! The samples consist of a 100 nm
film, that shows lower M and A¢x than the pure film and it is expected to have lower
Curie temperature as well [32].

'The sample doping ratio verification couldn’t be characterized yet due to the concurrent covid-19
situation.
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Figure 17: SW BLS spectrum field dependence, with and without fs-laser, for the doped
permalloy sample. (a),(c) The SW BLS spectra as a function of applied field
where (a) shows the SWs at thermal equilibrium, and the overlaid lines are theo-
retical fits. (b) shows the SW spectra with the fs-laser applied at a 2.52 mJ/cm?
fluence. (c) shows the difference between (a) and (b), where negative values are set
to zero.

Figure 17(a) shows that the PSSWs have decreased in frequency, making more of
them visible in the measured frequency span. This decrease in frequency can be
understood by considering the dispersion relations described in section 2.3. The
doping, which probably is gold, is of a non-magnetic material, thus, as it is added
to permalloy the total magnetization is expected to decreases, as can be observed in
Fig. 6. Therefore, due to the role of M; in the dispersion relations, as it decreases it
leads to a lower frequency for all modes. The extracted values from the fitting to the
dispersion relations are as follows: My = 0.74+0.02 (T), y/27 = 28.0 £ 0.1 (GHz/T)
and Aex = 6.4 1+0.03 (pJ/cm).

The PSSWs in Fig. 17(a) deviate slightly from their theoretical values at low and high
magnetic field strengths. The reason for the poor fitting at the low field compared to
the pure film, is likely due to small magnetic anisotropy neglected in our calculations.
Meanwhile, the high field deviation is most likely poorly fit due to a small difference
between the computed and the applied magnetic field from the electromagnet in
our experimental setup. As for the extracted values, in comparison with earlier
experimental data for gold doped films [26], it seems like our 100 nm sample is doped
with approximately 11 - 14% Au.

Figure 17(b) shows similar features compared to the undoped case. The fs-laser is able
to stimulate the modes up to 15 GHz. Finally, in Fig. 17(c) we once again see the
effect of heating the sample as the modes decrease in frequency. Qualitatively, little
difference is to be found compared to the undoped case, as the frequency decrease seem
to be of the same magnitude between the corresponding modes of the two samples.
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Figure 18: Sustained SW efficiency comparison for pure and doped permalloy, a compar-
ison between the Py and doped 100 nm sample fs-laser power dependence. Both
measurements are conducted with a constant external field strength of 6000 Oe.

Table 2: Extracted parameters from power sweeps (L = 100 nm), corresponding parame-
ters to the fitted curves in Fig. 18.

8 GHz 9 GHz 10 GHz 11 GHz
A Py 0.4244+0.046 | 1.051+£0.175 0.091£1.112 | 0.289+£0.039
A Doped | 2.365+0.058 | 0.568 £0.253 (No Fit) 0.521£0.220
t, Py 0 46.71 x 1072 £0.598 | 55.96 £142.2 | 0
t, Doped | O 5.000 £ 6.694 (No Fit) 4.998 £6.356

In Fig. 18 we see the stark contrast between the doped and undoped permalloy. Firstly,
note the big difference between the two color plots. In the undoped case, most modes
are too weak to extract any data, and several of the modes are barely visible. Also,
note that in the undoped case only one PSSW is visible at 9 GHz, while in the doped
case two PSSWs can be seen, one just above 8 GHz and one just above 10 GHz.
For the 8 GHz mode, we see that the doped sample is two orders of magnitude more
intense. This great difference is likely due to the fact that the doped 8 GHz mode
overlaps with a PSSW in contrast to the undoped mode. The 9 GHz modes, however,
are of the same magnitude, and in this case, the situation has been flipped with the
undoped mode overlapping with a PSSW whilst the doped one does not.

For the 10 GHz modes, something interesting happens. As noted earlier, we see a
PSSW a bit above 10 GHz in the doped color plot, as the fluence increases this PSSW
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decreases in frequency and it eventually begins to overlap with the 10 GHz mode at
around 4 mJ/cm?. Unlike the other PSSWs this overlapping effect is not consistent for
the entire fluency span. This gives rise to an extremely rapid increase in intensity with
increasing fluence as not only is the sample heated, giving rise to more magnons, but
the overlap of the mode with a PSSW increases at the same time. This is reflected in
the figure as the doped 10 GHz mode does not fit well to the Bloch T3/2 law (Eq. (8)),
thus it has been left unfitted in the plot. Unexpectedly, the intensity of the doped mode
is only around one order of magnitude stronger compared to the undoped mode.

Comparing the two 11 GHz modes, we see that the doped mode is one order of mag-
nitude brighter. These modes are perhaps the best in regards to comparing the samples
as both modes are within the FMR region whilst not overlapping with a PSSW, thus
they should be very comparable. Still, we note one order of magnitude difference in
intensity. In general, it seems that the doped sample modes are one order of magni-
tude brighter, but whenever a PSSW overlaps with a mode, that mode has its intensity
increased by one order of magnitude. This holds true for all the studied modes except
the 10 GHz modes, however, as discussed that mode is a special case.

5 Conclusions and Outlook

The fs-laser was found to generate sustained SW with high intensity at multiples of
the used 1 GHz fs-laser repetition rate for waves up to a frequency of about 15 GHz.
The spinwave BLS counts also indicated a stronger than parabolic relation to the
fs-laser fluence. Furthermore, the results clearly show that laser excitation of sustained
SWs is possible for all the measured thicknesses between 20 and 100 nm, and the
efficiency is inversely related to the thickness. Finally, the measurements suggested
the same behaviour but an enhanced efficiency in the gold doped samples. The greater
efficiency is caused by the larger demagnetization in the low-7; material. The impact
of the laser-induced heating on M(T) increases as the temperature approaches T, as
discussed in section 2.6.

An interesting object of further studies would be to examine how the laser repetition
rate affects the range of excitation. For example, if a laser with a repetition rate of 15
GHz is used, would it be possible to excite the spinwaves in the 15-225 GHz region?
Alternatives to permalloy could also be examined, to determine how different SW
damping could alter the frequency region.

It would also be interesting to examine the frequency shift due to the change in equilib-
rium temperature. A potential relation between the local temperature and the fs-laser
induced demagnetization can be constructed using the BLS-microscope and an addi-
tional temperature controlled SW measuring technique, e.g. a FMR-spectroscope. The
FMR-spectroscope would be used to map the relation between the magnetic parame-
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ters Aex and M, and the temperature in the sample. This could be compared to the SW
parameters extracted from the BLS-microscope measurements made in this thesis to
determine a local temperature.
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A THATEC MOTOR CONTROLLER

A Thatec motor controller

In order to get some insight into how the experimental setup is controlled, a motor
controller program was written in labview. The motor rotates a polarizer, allowing for
remote control of the polarization of the light entering the interferometer in the setup.
This should allow for the study of for example phonons in the material. The program
uses the Thorlabs kinesis motor control software.

Front Panel Block Diagram

thaTEC-driver

TlFaise <P
NO TIMEOUT: queue element recgived => HANDLE THIS REQUEST

{Fakse Bf
HANDLE INCOMING REQUEST

‘device loop 2" without changes =y

[ do ot touch this wire -

Figure 19: Seen here is the front panel and block diagram of a Thatec-compatible labview
program. The program is used to control a T- or K-cube Thorlabs motor remotely.
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