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Abstract

Multiferroics, materials that exhibit interactions between either magnetism,
electricity and elasticity, show great potential in future applications. One

of the multiferroic materials that has gained large interest is CoFeB due

to the large resistance achieved in magnetic tunnel junctions at room tem-

perature. The focus of this research is to obtain a better understanding of

the spin dynamics by using the magnetoelastic interaction of CoFeB and

compare it with the results previously found for Ni samples.

The experiments performed used an all-optical pump-probe setup, com-
bined with a Faraday detection scheme to measure the change in polariza-
tion of the probe pulse. The setup is capable of introducing a second pump
pulse, simultaneously with the first one, to create acoustic waves in the
sample. Whilst doing this, an external magnetic field is applied, capable
of rotating in-plane of the sample.

The results entails two parts of which the first is the determination of
the magnetic anisotropic properties of CoFeB on SiO, and MgO substrates
by using the single pump-probe setup. Both of the samples exhibit uni-
axial anisotropy which is more prominent in the MgO sample. The origin
of the anisotropy remains unknown, however, magnetic fields are present
during the fabrication which might induce magnetic ordering of the sam-
ple.

For the second part, the second pump is introduced. Via magnetoe-
lastic interaction, spin precession is driven in both the CoFeB and the Ni
sample at the resonant frequencies of the acoustic waves and the larmor
precession. When rotating the magnetic field, the total signal shows un-
expected behaviour. Whereas the magnetoelastic interaction predicts a
sin(2¢) relation for the precession signal, the obtained signal for CoFeB
dissapears mostly after 30°. For Ni, there is a dip in the signal at 32°. The
introduction of magnonic crystals and spin wave localization is made to
explain this phenomenon, however, more research is required to get a full

understanding.
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Chapter 1

Introduction

In the era of information, data storage is a very important part of every-
day life. The most common known example of a data storage device is the
Hard Disk Drive (HDD), where small magnetic domains are set in partic-
ular directions to write the bits as shown in figure 1.1. Most of the data to-
day is stored by using magnetism, creating a very active field of research
to improve writing speed and reduce bit size, energy consumption and
costs [1-4].

ANGN0L

Figure 1.1: Schematic overview of the working principle of a perpendicular writ-

ing head. Blue lines indicate the magnetic field created by the writing head.
Multiferroic materials have gained interest in the past years due to
their adaptable properties. Multiferroics are materials that show more

1
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2 Introduction

than one of the ferroic order parameters, which are Polarization, Mag-
netization and Strain, as shown in figure 1.2. These parameters are cou-
pled and interact with each other via magnetoelectricity, ferroelasticity
and magnetoelasticity. This behaviour enables the control of one of these
ferroic order parameters by using the other, showing potential for a large

range of applications.

Figure 1.2: The three ferroic order parameters and their interaction. Figure
adapted from [5].

The interaction exploited during this research is the magnetoelastic
coupling in Cobalt Iron Boron (CoFeB) and Nickel. During this exper-
iment, the interaction between the induced strain and the magnetization
is observed. The method used to generate the strain which drives the mag-

netoelastic interaction is an all-optical method called Transient-Grating (TG)

2
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spectroscopy. The data for the Ni sample is already available in the group
since it has previously been investigated [6, 7].

CoFeB is an interesting material because it shows great potential for
spintronic devices. Research has shown that it can be used in tunnel mag-
netoresistance (TMR) devices and a TMR of 604% at room temperature has
been achieved [3, 8]. The purpose of this research is to compare the results
of CoFeB sample with the Ni sample to obtain a better understanding of

the spin wave manipulation.
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Chapter 2

Theory

2.1 Acoustic Waves

The TG-setup used for this experiment is known to generate narrowband,
frequency tunable high frequency surface waves. These high frequency
waves are the so called acoustic waves. The two types of acoustic waves
are generated; the Rayleigh surface acoustic wave (SAW) and the surface
skimming longitudinal wave (SSLW).

The SAW is only present at the free surface of an elastic solid. One
mode which is excited is the Rayleigh wave. It is represented by a time-
dependent elliptical displacement of the surface structure, which means
that there is a in-plane (y-direction) and out-of-plane (z-direction) motion
of the sample surface as shown in figure 2.1. The equation of motion of

the Rayleigh wave along the y-axis is given by
u=C x el(ky—wherz (2.1)

where u is the displacement in either longitudinal or transverse direction,
C is a constant determining the initial size of the displacement vector, k is
the wave vector, w is the wave frequency and « is given by v/k2 — w?/c2.
In this equation, c is the wave velocity, again in either longitudinal or

transverse direction [9]. The true displacement u is given by the sum of the

4
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2.1 Acoustic Waves 5

longitudinal, u;, and transverse displacement u; with their corresponding

¢; and cy.

Free surface

Figure 2.1: Elliptical movement of the surface acoustic wave. Figure adapted and
modified from [10].

Since the depth the sample is given in the —z direction, the displace-
ment decreases exponentially with depth. Therefore the amplitude of the
SAW motion, when looking looking at the depth of a few acoustic wave-
lengths, is quickly suppressed. The velocity of the acoustics will be mainly
determined by the substrate because it’s operated in the large wavelength
limit (A > 1um). Therefore the SAW velocity is 3120 & 207 /s for soda lime
glass (SLG) with a grating of 1.1um [6].

The second less known mode is the SSLW. This wave is some sort of
longitudinal wave and not solely surface bound but has an in-plane com-
ponent. This longitudinal wave is a weak shear wave which is transmitted
into the bulk [11]. Therefore the amplitude of the SSLW is strongly atten-
uated over time and because of that, the wave is also known as the Leaky
Surface Skimming Longitudinal Wave.

Whereas the SAW exhibits a strong surface deformation and surface
bound behaviour, the SSLW is less surface bound. This statement is sup-
ported by Habib et al. [12] who have send a SSLW and a SAW through
a LiNbOs-crystal with a small piece of silver, but large compared to the

5
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6 Theory

wavelength of either SAW and SSLW, on top of the crystal. The SAW is
strongly attenuated and scattering is observed when passing along the sil-
ver particle. These phenomena are nearly absent for the SSLW showing
that the propagation of the SSLW is mostly slightly below the surface.
When looking at the SSLW in SLG with a grating of 1.1um, the velocity
is about 5590 £ 157/s which is almost twice as large compared to the SAW
velocity of 3120 & 20m/s stated earlier. The change in velocity, and thus

frequency, can be used to quickly identify the two characteristic waves.

2.2 Ferromagnetism

The magnetoelastic interaction in a multiferroic has an elastic part, as dis-
cussed in the previous section, and a magnetic part. When looking closely
at the magnetic properties of the ferromagnet, this is governed by spins.
One of the properties of a ferromagnet is its spontaneous magnetic mo-
ment in absence of an external magnetic field [13, 14].

When applying an external field, the magnetization M is given by
uoM = x,(H + B) (2.2)

where X, is the paramagnetic susceptibility, which is positive for a ferro-
magnet and negative for an antiferromagnet. H is the applied field and
B is the exchange field of the ferromagnet. The exchange field is the in-
teraction one spin has to its neighboring spins which is the cause of the
alignment of the spins to reach the lowest possible energy state within a
ferromagnet.

When increasing the temperature, the spin order will decrease until it
is completely destroyed. The temperature at which the order is completely
absent is called the Curie temperature. From experimental data, the mag-

netization is given by the Bloch T*/? Law:

AM y
— = AT"? 2.
7 23)
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2.3 Ferromagnetic Resonance 7

where AM is the change in magnetization, M, the magnetization at zero
temperature, T is the temperature and A is an empirical constant, de-
pending on the material. For Ni, the latter value is determined to be
(3.440.2) - 10"°K—*2. This equation is later solved via the quantization of

spin waves and is given to be

3/2
AM  0.0587 (kBT) (2.4)

My,  SQ \2Js

where S is the spin state, Q is the atomic packing factor and | is the

exchange integral [13, 14].

2.3 Ferromagnetic Resonance

The first experimental data on ferromagnetic resonance (FMR) is recorded
by Griffiths [15]. This was done by putting a thin film of Ni at one end of
a cylindrical resonator. A static magnetic field is applied in the plane of
this film. A microwave generator is used to generate a microwave field in
a constant direction, where the magnetic component is perpendicular to
the applied field direction. When measuring the energy loss in the cavity,
a maximum in loss is occurring at the FMR frequency due to the energy
being absorbed by the Ni film.

Griffiths stated that the energy loss in the cavity was due to the reso-
nant absorption by the magnetic dipoles. However, no concluding theory
was formulated. After a short while a theory was proposed on the reso-
nance effect by Kittel [16]. FMR is the uniform precessional motion of the
magnetization of a ferromagnet in an externally applied field. The exter-
nal field causes a torque on the magnetic dipole, inducing the precessional
motion.

The differential equation describing the dynamic magnetization mo-
tion in a solid is called the Landau-Lifshitz-Gilbert (LLG) equation and is

7
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8 Theory

given by

aa—l\t/[ = —’)/M X ]/ioH + aM x (M X H) (25)

where 1 is the gyromagnetic ratio of the used sample and « is the Gilbert
damping constant [17]. The Gilbert damping constant is the rate at which

the magnetic moment relaxes to its equilibrium. The representation of this

precessional motion is given in figure 2.2

ETI:'

Figure 2.2: Schematic of the FMR precession of a single spin

By solving the LLG equation, it is possible to derive the frequency of
the precession. The FMR frequency is given by the famous Kittel equation:

w = y\/H(H + o) (2.6)

where H is the strength of the external applied field and M; is the satu-
ration magnetization [13]. The curve given by the Kittel equation is not
a narrow solution, but shows a Lorentzian distribution depending on the
applied field. The linewidth of the FMR is dependent on the sum of the
inhomogeneous part and a part due to the Gilbert damping of the material
and is given by

AH = AHy + 2“0 2.7)

Moy

where AHj is the inhomogeneous broadening which describes spatial vari-

ations in the saturation magnetization M; or anisotropy conditions which

8
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2.4 Magnetic Anisotropy 9

have a small variation within the material [18]. When integrating over the
different conditions within the material, this results in a frequency inde-
pendent broadening. The second term is frequency dependent and is the
result of the Gilbert damping [19]. This term increases for higher frequen-
cies and by using the Kittel equation, broadens the FMR for higher field

strengths because of the increase in precessional frequency.

2.4 Magnetic Anisotropy

Magnetic anisotropy is the directional dependence on the material’s mag-
netic properties. During this section, uniaxial anisotropy is discussed.
Uniaxial anisotropy means there is one easy axis and one hard axis. Due to
the energy landscape, the net magnetization of the material tend to align
with the easy axis since this is the state of lowest energy. An example of

the uniaxial magnetic energy landscape is given as figure 2.3. Because the

b0,

My

Figure 2.3: Directional energy dependence for magnetization in a 2D case. Here
the easy axis is in the (—)x direction and the hard axis is given in the (—)y direc-
tion. As seen is the direction of the magnetization (blue arrow) not in it’s favor-

able position, but rather at a higher energy state.

energy is lowest at the easy axis, the magnetization will lie along that di-

rection without external field. When applying an external magnetic field,

9
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10 Theory

the minimum directional energy will shift towards the external field, mis-
aligning from the easy axis. The result is a magnetization between the easy
axis and the applied field. The final magnetization direction is dependent
on the applied field strength and anisotropy constant. The magnetization
will only align with the external field when a sufficient high field is ap-
plied.

@) (b)

HaPD

V= ¢gm
|
v

A

=

M -Hard axis W -Easy axis

Figure 2.4: (a) Illustration of the angle of effective magnetization, M, of the sam-
ple for different angles of applied field, H,p,. (b) Precession direction of the spin

on different applied field angles relative to the net magnetization direction.

Figure 2.4a gives a representation of the effect of the uniaxial anisotropy
on the magnetization direction for different applied field angles. As seen
from this image, the effective magnetization flips to the other side of the
external field when the external field passes the hard axis. This initiates
the starting direction of the rotation to be in opposite direction as shown
in figure 2.4b. When coming closer to the easy axis, the frequency change
will decrease and the signal will disappear when aligned with the easy

axis since no torque is applied on the spins.

10
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2.5 Magnetoelastic Interaction 11

In-plane uniaxial magnetic anisotropy in amorphous CoFeB has been
reported under specific growing or magnetostrictive conditions [20, 21].
Besides these conditions, CoFeB is capable of having in-plane uniaxial
anisotropy when mixed with SiO, as shown by Manuilov et al. [22]. Thin
film CoFeB is better known for its out-of-plane magnetocrystalline anisotropy
and has been used extensively for GMR and other spintronic devices [23-
25].

2.5 Magnetoelastic Interaction

So far the acoustics and the relevant ferromagnetic properties are explained.
However, the two of them are coupled in the world of multiferroics. The
coupling between the acoustics and the magnetism is via magnetostric-
tion. Magnetoelasticity is treated in the framework of free energy to obtain
understanding of the interaction.

The free energy for the magnetoelastics is given by

F(t) = bilexxM3 + eyyMj + €2:MZ] + blexy My My + €x: My M + €,: M, M, ]

(2.8)
where by and b are magnetoelastic coefficients, € is the strain tensor and
My, My and M are the magnetization components [26].

Because of this time-dependent contribution to the free energy of the
system, the LLG equation 2.5 does not have a static magnetic field, but it
becomes time dependent. The magnetic field is now given by

1 dF(t
0= 2 p 29)

By differentiating the free energy with respect to the magnetization and
filling it in equation 2.5 results in the change of magnetization is described
by

‘2—1\;[ = £(2bexM? sin ¢ cos ) + §(—2be,; M cos® ) + £(2be. M? sin ¢ cos ¢)

(2.10)

11
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12 Theory

where ¢ is the direction of the applied field. No strain in the y-direction is
assumed to simplify the system. This assumption can be made since the
strain generated is only in the x and z-direction in the used setup as will
be discussed in section 3.3.

The method used to measure the magnetic response is based on the
Faraday effect which will be explained in section 2.7. Important for now
is to know that the measured magnetization is the magnetization in the
out of plane direction, which is the z-direction. Therefore the equation
simplifies to

dM

= = 2 [bexy M? sin(2¢)] (2.11)

which is dependent on the strain in the x-direction and the angle of the
applied magnetic field. This means that the compression and expansion
have opposite sign of change in magnetization. Another feature is a zero
change in magnetization over time in the z-direction when applying an
external magnetic field at 0°, 90°, 180° 270°.

2.6 Magnonic Crystals

A magnonic crystal (MC) is created when a ferromagnet is spatially mod-
ulated to change its structural or magnetic properties [27]. These crystals
are periodically modulated and may have a layered (1D), striped (2D) or
dotted (3D) pattern as shown in figure 2.5. The band structure of the ferro-
magnetic MC does not only depend on the periodic patterning, but is also
governed by the spatial arrangement of the magnetization. The latter can
easily be influenced which enables the control over the wave properties in
these crystals.

Within a ferromagnetic MC, spin waves show dispersion relations which
are dependent of the applied wavevector, the strength and orientation of
the external magnetic field, the shape of the magnet and the magnetocrys-
talline anisotropy. This provides precise control over the interesting prop-

erties of the spin waves such as frequency, phase, velocity and amplitude.

12

Version of July 21, 2017- Created July 21, 2017 - 16:28



2.7 Faraday Effect 13

1D 2D 3D

Thin film

Bulk

Figure 2.5: The different dimension possible for a magnonic crystal. Figure
adapted from [28].

2.7 Faraday Effect

The faraday effect was first described and measured by, as the name sug-
gests, Faraday [29]. He discovered that the polarization of a ray of light
rotates when passing through a medium under the influence of a magnetic
field. A slightly adapted overview of the experiment Faraday conducted
is given in figure 2.6. The magnets Faraday used were two strong horse-
shoe shaped magnets instead of the coil as presented in the figure, but the
phenomenon remains the same.

The rotation angle of the polarization f is empirically determined to be
B = VBd (2.12)

where B is the magnetic flux density out-of-plane of the sample and d
the distance of light travelled through the medium [30]. At last, ¥ is the
Verdet constant. This constant is dependent on the medium, frequency
and temperature and can either be positive and negative as shown in Jain
et al. [31] by increasing the concentration of ferric ions in the water, which

is used as medium.

13
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14 Theory

Modulmi}]_g~ [ ———
_megrietic field

-Mm }

voltage

Polarizer

Polarizer

Figure 2.6: The experiment Faraday has conducted to be able to measure the
interaction of a magnetic field on light when passing through a medium. The left
polarizer ensures polarized light entering the medium and the angle at which the

light is rotated is measured with the second polarizer. Figure adapted from [30].

As stated, B is the magnetic flux density of the out-of-plane component
meaning that only the out-of-plane magnetic component can be measured
using this method. The direction of the magnetization during the spin pre-
cession will have a time-dependent component in the z-direction. Because
of this, the outgoing beam will obtain a time-dependent polarization di-
rection, carrying the information on the magnetic state of the sample. By
using a Wollaston prism, the s and p-type of polarization can be spatially
separated and the intensity can be measured independently. The differ-
ence in signal between the two photodetectors is used to calculate the spin

precession frequency.

14
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Chapter 3

Experiment

3.1 Sample Preparations

For the experiment, comparisons are made between CoFeB and Ni. The
CoFeB samples used are obtained from the Grenz- und Oberflichenphysik
group in Greifswald. There are two different types of substrates used dur-
ing this experiment. The first substrate is Silicon Oxide (SiOy), and the
second substrate is magnesium oxide (MgO). On top of these substrates,
a 40nm layer of amorphous CopoFegByg is deposited using DC sputtering
and is capped by 2nm of ruthenium. The capping layer is to prevent the
sample from oxidizing and is thin enough to prevent contributions to the
signal.

The Ni sample is made by using e-beam evaporation. A layer of 40nm
is deposited on a SLG substrate with no further capping layer. This is not
required since previous results have shown no deterioration of the sample
over time.

The intrinsic Gilbert damping constant for the CoFeB is determined
to be 0.004 [32]. Iihama et al. [33] show the same result for the CoFeB
sample and also show that the MgO substrate has near to no influence
on the Gilbert damping for a thickness of 40nm. The same holds for the

ruthenium capping layer as shown by Natarajarathinam et al. [34] and

15
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16 Experiment

therefore the damping constant is assumed to be purely intrinsic.

The damping constant for Ni is determined by Walowski et al. [35] to
be 0.0453, which is a factor of 10 higher. Therefore the precession of CoFeB
is expected to persist for a longer time compared to the precession of Ni.
Another result on which the Gilbert damping has influence is the width of
the ferromagnetic resonance as can be seen from equation 2.7. For CoFeB,
the Gilbert damping is much lower compared to Ni, resulting in a smaller
broadening from the second term.

The saturation magnetization M for CoFeB is about 1.7T [24, 32], de-
pending on its exact composition. The saturation magnetization is the
minimum value of the external applied field at which the internal field
of a ferromagnet is as aligned as the crystal structure allows.

Ni has a saturation magnetization of 0.66T [35], which is only one third
of that of CoFeB. The expected change in signal resulting from this prop-
erty can be obtained from the Kittel equation given by 2.6. When increas-
ing the saturation magnetization in this equation, the slope of the FMR
frequency increases. Therefore lower fields are necessary to achieve the
magnetoelastic resonance conditions between the FMR and the acoustic

waves.

3.2 Pump-Probe Setup

For this experiment, a Titanium Sapphire (Ti:Sapphire) oscillator is used.
This crystal is known for its large emission spectrum which lies between
about 650nm and 1100nm, while for this setup the wavelengths between
700nm and 900nm are selected by the mirror properties. The amplifier
emits pulses with a FWHM of 120fs which are send through an amplifier.
This amplifier increases the power of the pulses and generates a pulse
repetition rate of 1kHz.

After the amplifying system, the beam is split in a pump and probe

beam as shown in figure 3.1. The pump beam is directed through a vari-

16
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3.2 Pump-Probe Setup 17
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Figure 3.1: Schematic overview of a single pump-probe system.

able delay stage while the probe is directed through a fixed delay to be able
to match time zero, at which both the pump and probe arrive at the same
time. After the delay stage, the pump is chopped at 500Hz to synchronize
with the frequency of the lock-in amplifier and is send through a doubling
crystal to decrease the wavelength to 400nm. The probe beam is kept at
the fundamental wavelength centered around 800nm, obtained from the
Ti:Sapphire laser. The choice of wavelength is somewhat arbitrarily, but is
appropriate since enough of the pump beam is absorbed and enough of
the probe beam is transmitted to measure a signal. The doubling crystal
is set in place to be able to differentiate in the colors, which allows the use
of color filters to only select the probe beam to enter the detectors thereby
increasing signal-to-noise ratio. Also, the decreased wavelengths enables
a higher resolution grating (if required). The total range of the delay stage
is about 8ns after time zero, providing a sufficient range to observe the

dynamic response.

17
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18 Experiment

The beams are directed through a diffraction grating, where all diffrac-
tion beams but one of the first order of the pump and the zeroth order of
the probe are blocked. This part is not required for this setup, but it makes
it easier to switch to the transient grating technique discussed in the next
section. After the grating, the beams recombine at the sample surface with
a variable time delay to measure the magnetic response in time of the ma-
terial after the pump. The delay stage is set at a certain position for a short
while to be able to integrate over multiple measurements. This means that

for a certain time delay, multiple probe signals are detected.

During this experiment, an electromagnet is placed in-plane of the sam-
ple surface which is able to rotate around the sample in the in-plane con-
tiguration between -45 and 230 degree relative to the horizontal axis, giv-
ing the possibility to do in-plane angle dependent applied field measure-
ments whereas other research groups mostly have fixed angles [36, 37] or

perform out-of-plane measurements [38].

An increase in temperature will occur when hitting the sample by the
pump beam. The temperature comes closer to the Curie temperature, de-
creasing the magnetization of the sample [39]. Thereby the equilibrium
position is tilted which starts the FMR precession. When the heat is dif-
fused, the equilibrium position has restored to its pre-time zero configura-

tion, but since the initial precession the precession will continue to persist.

Upon transmission through the sample, the Faraday effect will alter
the polarization of the light as explained in section 2.7. This is possible
because the spin precession driven by the pump beam has an out-of-plane
component. After the probe has been transmitted through the sample, the
Wollaston prism is used to split the beam by polarization in order to mea-
sure the magneto-optical dynamics. The index of refraction is dependent
on the polarization, which enables this prism to spatially separate the two
polarizations and measure their intensity separately on two detectors. The
signal of the one of the detectors is subtracted from the other to obtain the

difference in signal and thereby the magnetic response of the sample after

18
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3.2 Pump-Probe Setup 19

excitation, dependent on applied magnetic field angle and field strength
can be observed.

The signal coming on the two detectors before time zero is balanced by
using a A/2 wave plate, which means that the intensity on both detectors
are the same which result in zero signal. Since the sample used during
the experiment is magnetized in plane, no change in signal appears when
turning the magnet on as can be seen from equation 2.12, which states that

an out-of-plane magnetic field within the magnetic material is required.

4 T T

Magnet Angle = 15 degree
Magnetic Field = 57 Gauss ||

Faraday Signal (uV)

_ 3 | | 1 1 | 1 1
0 1 2 3 4 5 6 7 8

Time (ns)
Figure 3.2: Single timetrace for a single pump experiment on CoFeB/MgO show-
ing the FMR using the Faraday signal.

Figure 3.2 shows the typical time trace of a single pump-probe mea-
surement of CoFeB/MgO, where the Faraday signal on the detectors over
time is shown. The details of this plot will be discussed later in this report.
The frequency of the precession is determined by taking the fast fourier
transform (FFT) by using the build-in Matlab function.

This figure shows the response at a specific magnetic field condition.
The setup is capable of adjusting the angle of the magnet and the field

strength. By fixing one of the parameters and varying the other, multi-
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20 Experiment

ple of these scans can be made. These scans are shown in contour plots,
having the varying parameter on the x-axis and time or frequency on the

y-axis. The amplitude of the signal is represented by the colorscheme.

3.3 Transient Grating Method

To measure the magnetoelastic response of the samples, a setup based on
the work of JanuSonis et al. [7] is used. This setup enables non-contact ex-
citation and detection of the surface magneto-elastic waves at (very) short
timescales. This TG technique is applied on the material to generate acous-
tic waves in the material. These acoustic waves are the SAW and SSLW
waves as discussed in section 2.1.

To obtain the TG setup, a small change of the setup previously dis-
cussed is required. The adapted setup is displayed in figure 3.3. By re-
moving the block of the second first order pump beam after the grating
and using a spherical mirror to recombine the two beams, an interference
pattern is projected on the sample surface.

Figure 3.4 shows a schematic of the interference pattern created by the
transient grating method, inducing hot (red) and leaving cold (blue) re-
gions on the sample surface. The hot regions cause expansion of the sam-
ple and its substrate while the cold region is being compressed. This com-
pression and expansion of the sample launches the SAW and the SSLW at
the frequency of the substrate [40, 41].

The definition of the grating period, A, is indicated in this figure. Keep
in mind that this figure is just a schematic overview. The probe beam has
a diameter of 400um and the probe has a diameter of 80um. Therefore in
reality, there are approximately 70 interference lines within the area of the
probe beam and the Faraday signal measured by this setup is the integral
over the total area of the probe beam. Therefore it measures the average
state of the excited sample.

The applied diffraction grating, having a certain grating constant, de-
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Figure 3.3: Schematic overview of the transient grating setup. The setup is the
same as the one used for single pump-probe with the exception of the removal of

the beam block for the second first order pump beam.

termines the angle between the two first order diffraction lines according
to
asin, = mA (3.1)

where a is the distance between the slits in the grating, 6,, is the angle of
the m*" order maxima and A is the wavelength of the light [30].

Upon recombining the two beams by using the spherical and folding
mirror, the angle between the two pumps is dependent on the applied
grating. The grating wavelength is dependent on this angle and the rela-

tion is given by
A
A= 2sin(6/2)

where A is the grating wavelength, A is the wavelength of the light and

(3.2)

8 is the angle between the two pump pulses [40]. Therefore, the angle of
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22 Experiment

Figure 3.4: Interference pattern projected on the sample surface. The red colour
show the hot regions while the blue part is the cold region. A is the grating period

which can be adapted according to equation 3.2.

recombination is dependent on the grating period which is applied and
can easily be adapted to experiment with different grating wavelengths.
During the course of the experiment one grating period A of 1.1um is used.

In addition to generating the acoustic waves, another response should
be considered. The creation of a magnonic crystal, induced by the tem-
perature profile. When looking at figure 3.4 again, a periodic modulated
temperature profile can be observed along the x-axis. This induces a peri-
odic modulated magnetization, a MC, where there is a low magnetization
at the high temperature regions and a high magnetization at the low tem-
perature regions. This optically induced MC has a life span of a couple
of nanoseconds in which the temperature redistributes over the sample,

resulting in a uniform decrease in saturation magnetization.
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Chapter I

Results and Discussion

The measurements will be shown and explained during this chapter. First,
only the magnetic response on a single pump-probe on CoFeB and its
anisotropy will be discussed. Secondly, the second pump is introduced
and thereby creating acoustic waves in the CoFeB and Ni samples which,

via inverse magnetostriction, are capable of driving spin precession.

4.1 Single Pump

During the initial measurements of CoFeB/MgO, unexpected results were
obtained. By using the single pump-probe setup and an in-plane mag-
netic field, an oscillating signal was observed without the generation of
the acoustic waves. Since this response is not present at the Ni measure-
ments, the origin of the signal has to come from the sample properties
rather than the used setup. For the Ni sample the magnetization was in
the same direction as the applied field, except when the applied field was
tilted out-of-plane because of it’s . Therefore, the measured oscillation was
the first indication of magnetocrystalline anisotropy. To investigate this
phenomenon, field scans are taken over the magnet angle and magnetic
field strength.

Figure 4.1 shows the contour plot for the time traces for the angle de-
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Magnetic Field = 79 Gauss

Time (ns)

100 150
Magnet Angle (degree)

Figure 4.1: Time traces for CoFeB/MgO for changing applied magnetic field an-
gle. The scale on the right is the obtained difference in signal from the two detec-

tors and is given in V.

pendent measurement on CoFeB/MgO for the single pump measurement.
One vertical line is one time-trace at a particular magnet angle. The sig-
nal level tells about the difference in signal obtained by the two detectors
which measure the intensity of the polarization.

The first thing that should be noticed is the change of sign of the signal
around approximately 53° and 143°. So when looking at (53° — A¢y) and
(53° + A¢p) the response has opposite phase. This is more clearly shown
in figure 4.2 where the single time traces for 50° and 55° are shown, which
are both about equally distanced from the position at which the phase
changes.

The reason for this change of phase is because of the change in the po-
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Figure 4.2: Time traces for CoFeB/MgO for particular angles around the hard
anisotropy axis. A field of 79 Gauss is applied.

sition of the magnetization relative to the applied field direction, which
changes the initial direction of the precession at time zero. As discussed in
section 2.4, the relative position will change when crossing either the hard
or easy axis, resulting in the change of initial direction of the precession.
This initial change of direction causes a 180 degree phase shift. This sug-
gests there is some sort of anisotropy in the system. Since a second type
of crossing can be pointed out at about 143°, the system is likely to have
an uniaxial anisotropy since the angle between the hard and easy axis are
90°. So is the left part of figure 4.1 between about —40° and 53° is similar
to the right part between 143° and 230°.

The hard and easy axis can be identified by using this figure. Around
143° and —40° the change of frequency is very small. The change in fre-
quency is better seen in the Fourier transform of the time trace given in
figure 4.3. This small change can be explained by the free energy of the
system which needs to be minimized. Since magnetic alignment with the
easy axis has a low energy state, the magnetization tends to align with

this axis when no external field is applied. When an in-plane external
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26 Results and Discussion

field is applied, the magnetization will be slightly tilted from the easy axis
towards the applied field. The magnetization will therefore always lie be-
tween the easy axis and the applied field and a certain deviation in applied
field angle near the easy axis will result in a smaller deviation of the mag-

netization direction.

120
Magnetic Field = 79 Gauss
1100
N - 80
I
S
3
c 60
©
=2
o
o
- 40
20

0 50 100 150 200
Magnet Angle (degree)

Figure 4.3: Fourier transform of the time-traces of figure 4.1 on CoFeB/MgO.

Since the hard axis required a lot of energy for the magnetic field to
align in, it will only be fully aligned in this direction if the external mag-
netic field is aligned. A small deviation close to the hard axis will result
in a large change of the magnetization angle since the magnetization has
to cross the applied field angle. Because the magnetization is still between
the easy axis and the applied axis, the angle will quickly change from one
side to another when crossing the hard axis having large frequency devi-

ation around this angle. This large change of frequency happens at the
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Magnetic Field = 172 Gauss 70 Magnetic Field = 630 Gauss

Frequency (GHz)
Frequency (GHz)
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Figure 4.4: Angular dependence resonance frequency for CoFeB/MgO for the

single pump-probe experiment for two field strengths.

vicinity of 53° and 230°, identifying these angles as hard axis.

According to the Kittel equation 2.6 the frequency of the FMR increases
with increasing applied field. When looking at figures 4.3 and 4.4 it can be
concluded that when the field increases, so does the frequency. Note here
that the angle at which the hard and easy axis are stay the same and are

independent of field strength.

When using a fixed magnetic field angle but varying the field strength,
figure 4.5 is obtained at an applied field angle of 15 degree. From fig-
ure 4.5b can be seen that the FMR frequency increases for increasing field
strength. This is expected from the Kittel equation. When comparing the
frequency for the known applied field strengths as discussed earlier, the

results match nicely.

The frequency for 79Gs, 172Gs and 630Gs are 3.6GHz, 5.0GHz and
9.3GHz respectively at an angle of 15rc. For the field dependent scan,
the frequency at an applied magnetic angle of 15° are 3.8GHz, 49GHz

and 9GHz. There is some room for error here since the sample has been
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28 Results and Discussion

taken out and put back in place, changing the angle of the anisotropy an-
gle slightly. Another possibility is the error in the magnet position, but this
should be limited by 4-0.5°.

(@) (b)

Magnet Angle = 15 degree Magnet Angle = 15 degree

Time (ns)
Frequency (GHz)

0 200 400 600 800 1000 0 200 400 600 800 1000
Magnetic Field (Gauss) Applied Field (Gauss)

Figure 4.5: Response of CoFeB/MgO for different applied field strengths.
(a) Time traces for different field strengths. (b) Fourier transform of the time

traces.

The offset of the frequency at zero field can be explained by the uniax-
ial anisotropy, which adds a term to the Kittel equation [17]. The origin of
the anisotropy of CoFeB/MgO remains unclear since the method used to
produce the sample should result in an amorphous structure. Since this
discovery was unexpected and the results not within the scope of the ex-
periment, no research was performed to investigate the origin since it was
not in the scope of this research, but there two plausible explanations.

The first explanation is the growth on MgO, which has a (001) orien-
tation. The deposition on this structured substrate can initiate a strain
induced magnetic anisotropy. If not initiated at the deposition, pumping
the sample the temperature increases by about 300°C, coming close to the

crystallization temperature for CoFeB/Mgo [42]. The MgO on which the
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Figure 4.6: Angular dependence (a) time trace and (b) Fourier transformreso-

nance frequency for CoFeB/SiOy for the single pump-probe experiment.

CoFeB is sputtered might act as a template, creating a crystalline inter-
phase between the CoFeB and substrate [43].

The second explanation is the growing of the CoFeB in presence of
a small magnetic field. During DC-sputtering, there is a small magnetic
field present in the chamber. This magnetic field might have aligned the

magnetization of the deposited CoFeB in the uniaxial configuration [20].

The result for CoFeB/SiOy is given in figure 4.6. From this figure can
be concluded that this sample also shows the uniaxial anisotropy with the
hard axis around 70°. The easy axis can’t be seen in this measurement,
but probably will be around —20°. However, the signal level of the SiOy
substrate compared to the MgO substrate in figures 4.3 and 4.4a is lower,
suggestion a weaker anisotropy constant. This is confimed by the flatter

shape which the resonance curve has [17].

Since SiO, has no structured surface, the annealing of crystalline CoFeB
at the MgO interface during pumping the system seems unlikely to be the

origin of the anisotropy, suggesting the anisotropy is created during sam-
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30 Results and Discussion

ple fabrication. This mechanism might be aided by the ordering of the
CoFeB on top of the MgO (001), increasing the anisotropic effect for this

substrate. However, no evidence has been found for this effect.

4.2 Transient Grating

When introducing the second pump, the interference pattern will cause
expansion at the hot regions and contraction at the cold regions. This en-
ables the acoustic waves discussed in section 2.1 to be generated. These
acoustic wave may, via inverse magnetostriction, generate the spin pre-
cession in the magnetization which are observed via the Faraday detec-
tion scheme. Because CoFeB/MgO shows a strong magnetic anisotropic
behaviour, the CoFeB/SiO, sample is chosen to reduce the influence of the
anisotropy. Finally, the results of Ni will be discussed and compared to the

CoFeB measurements.

4.2.1 Acoustics on CoFeB

The first time trace is shown in figure 4.7 and shows the response for
CoFeB/SiOy for changing applied field strength. In this figure, two main
resonance fields can be determined. These field are around 50Gs and
205Gs. These are the fields corresponding to the resonance condition of
the SAW and the SSLW respectively. Note that these resonances have the
particular phase change at the main resonance field which comes from the
phase change of the driven oscillator over the resonance field. This can
be seen from the fact that the left side of the resonance has opposite sign
from the right side. This follows from the position of the spin relative
to the strain field, which changes sign when crossing the resonance field.
This can be seen as pushing or pulling of the strain field on the magnetic
dipole.

As seen in this figure, the precession for the SAW wave persists for a

30

Version of July 21, 2017- Created July 21, 2017 - 16:28



4.2 Transient Grating 31
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Figure 4.7: Time trace for the double pump experiment on CoFeB/SiO.

longer time than the measured timeframe while the signal coming from
the SSLW resonance is gone after 8ns. This shows that, as expected, the
SSLW is damped more strongly. This is explained by the bulk wave be-
haviour the SSLW possess which dissipates its energy much easier com-
pared to the surface bound SAW wave.

The Fourier transform of this given in figure 4.8. The FMR condi-
tion is indicated by the white line. When the FMR condition matches the
frequency of the acoustic waves, an increase of signal level is obtained.
This increased signal originates from the driven precession caused by the
acoustic waves via inverse magnetostriction.

The frequencies found for the acoustic waves are given by the sub-
strate because the grating period lies within the large wavelength limit

(A > 1um). The measured frequency for the SiO, substrate are at 3.0 +
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Figure 4.8: Fourier transform for CoFeB/SiOy. White line is fitted by the Kittel
equation with an enabled frequency offset which might be induced by anisotropy.
The offset given at zero field is 0.3GHz.

0.1GHz for the SAW and 5.4 + 0.1GHz for the SSLW when a grating of
1.1um is applied. These frequencies result in velocities of 3300 + 1107/s
and 6050 £ 0.1m/s respectively. Boechler et al. [44] have given the veloci-
ties of 3409m /s for SAW and 59681 /s for SSLW, which lie within the read off
error. The velocity might be influenced by the sample deposited on top,
which might be the reason for the slightly different velocities [45].

4.2.2 Acoustics on Ni

The second sample which is used is Ni/SLG. The time trace and fourier

transform are given in figure 4.9. From this figure, the resonance field for
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4.2 Transient Grating 33

the SAW and SSLW can be determined, which are 200 and 560Gs respec-
tively. This resonance field lies much higher compared to the 50 and 200Gs
for CoFeB obtained from figures 4.7 and 4.8. This is due to the lower satu-
ration magnetization Ni. Equation 2.6 shows the dependence of the FMR
frequency and the saturation magnetization. Therefore, the FMR line of
Ni has a smaller slope compared to the FMR line of CoFeB/SiO, which

increases the resonance field values for same acoustic velocities.

a (b)

Magnet Angle = 15 degree Magnet Angle = 15 degree

Frequency (GHz)

0 200 400 600 800 1000 0 200 400 600 800 1000
Magnetic Field (Gauss) Magnetic Field (Gauss)

Figure 4.9: Field dependent scan of Ni/SLG for the double pump experiment. (a)

Time trace and (b) its Fourier transform.

Another important feature is the width of the magnetoelastic resonance.
This width is much larger for the Ni sample because of the width of the
FMR. This width depends on the Gilbert damping constant according to
equation 2.7. The width, depending on the frequency, is expected to in-
crease faster since the damping constant is 10 times as large for Ni com-
pared to CoFeB.

Together with the width of the resonance, so is the duration of the pre-

cession given in figure 4.9a dependent on the damping constant. The pre-
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cession of the SAW in the Ni has almost died out after 8ns while it is still
strongly precessing for the CoFeB sample as discussed in the previous sec-
tion. Also, the precession due to the SSLW persists for only 3ns while the
precession in CoFeB has died out just before the end of the measurement
at 8ns.

The frequency at which the acoustic waves in the SLG resonate with
the larmor precession are 2.9 + 0.1GHz and 5.3 + 0.2GHz for SAW and
SSLW respectively which are lower compared to the values for the SiOy
sample. These frequencies give 3190 + 110m/s and 5830 &+ 220m/s. These

velocities match the expected velocities stated in section 2.1.

4.3 Spin Wave Localization

So far, the measurements are done with an applied field angle of 15°. In
this section the angle dependent FMR conditions of the CoFeB and Ni sam-
ples will be discussed. The measured data will be shown together with the
results from the numerical Plane Wave Method (PWM). The latter will be

used to predict and explain the results obtained during this research.

4.3.1 CoFeB

Since the resonance field for the SSLW and the SAW frequency change for
different applied angles it is not possible to look at only one field strength
to obtain information on the angle dependent FMR signal. By taking the
integral around the SSLW frequency, 5.4 &= 0.5GHz for CoFeB, the move-
ment of the resonant field strength can be observed and is shown in fig-
ure 4.10. Two resonance modes can be found in this figure, one going to
lower fields for higher angles and a weak resonance mode is moving to
higher fields. The occurrence of multiple resonances is not uncommon
and can be interpreted as two different spin wave modes with different

energy [27, 46].
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Figure 4.10: Integrated FFT signal between 4.9 and 5.9GHz for different applied
field angles and applied field angles.

When integrating over the signal over all applied magnetic field strengths,
figure 4.11 is obtained. In this figure, the sin(2¢) behaviour which is ex-
pected from equation 2.10 is fitted. The theoretical fit, also shown in this
figure, is done by external collaborators from the Adam Mickiewicz Uni-
versity in Poznan by using the Plane Wave Method (PWM). Therefore this
method won’t be discussed, but in short: the method solves the Maxwell’s
equations by formulating an eigenvalue problem. It is useful to calculate
the solutions for the Maxwell’s equations over a inhomogeneous or peri-
odic structure in the time-harmonic regime.

For the plane wave method, the assumption was made that the grating
period is 1.0um which is slightly smaller compared the the used grating.
The next assumption is that there is a static sinusoidal temperature pro-
file which induces a M/m; of 0.3 at the heated location and 1M/w; at the
cold region. This theoretical fit shows a secondary peak missing in the
measurement.

To understand the reason behind the shape of this theoretical signal it

is necessary to look at the spin localization for different applied magnetic
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Figure 4.11: Integrated and normalized fourier transformed signal of the
CoFeB/SiOy angle dependent measurement together with the results of the
PWM.

angles. Since the sample is periodically heated up, the sample will become
an MC. The spin wave properties vary in the x-direction of the sample

because it has a periodic modulated magnetic landscape.

Figure 4.12 shows this spin localization from the PWM, where |m]| is
the signal coming from a particular part of the sample. The hot regions
expand while the cold regions are being compressed. Therefore the strain
€xy of equation 2.11 has opposite sign in either of these regions. The phase
is schematically indicated by the arrows in the figure. Because of this op-
posite strain, the spins are driven out-of-phase in these regions, thereby

partially cancelling the signal.

For ¢ = 0°, the spin localization is almost completely in the cold region
and near to no magnetic precession is present in the hot region. Therefore
the cold region will mainly contribute to the signal. However, since the
magnetization is in the same direction as the strain from the acoustics at
zero degree, there is no torque applied on the magnetic moment resulting

in a zero signal as seen in figure 4.11.
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Figure 4.12: Spin wave localization within the sample at particular angles. Red
is heated part because of an interference line and blue is cold part of the sample.

The remanent magnetization has a sinusoidal shape.

When increasing the angle, the sin(2¢) increases and therefore the mag-
netoelastic interaction increases. However, the spins in the hot region of
the sample starts to precess with a larger amplitude. Since this precession
is out-of-phase compared to the spins in the cold region and the signal ob-
tained by the Faraday detection scheme is the integral over multiple inter-
ference lines, the signal disappears at ¢ = 38° whereas there is a nonzero
value for the magnetoelastic interaction.

With increasing the angle further, the signal from the hot region raises
even more and from the cold region decreases, thereby obtaining a dif-
ference in signal which can be detected by the Faraday scheme. With in-
creasing the angle, the z-component of the change in magnetization will
again decrease and result in zero signal at ¢ = 90° even though there is a
large spin wave localization at the hot region, just as is the case for 0°. As

mentioned earlier, the secondary peak for higher angles is absent for the
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38 Results and Discussion

measured values. The reason for the absence of the second peak remains
unclear and more research is needed to obtain a fundamental explanation.
However, suggestions are given in section 4.4, when all results have been

discussed.

4.3.2 Ni

Again, the integral over the SSLW frequency can be taken for all differ-
ent field angles for the Ni/SLG sample. The result of this is shown in
tigure 4.13. This figure shows two maxima at different angles while the
resonance field strength is roughly the same for both maxima. Also in this
figure, a weak secondary mode can be seen at the low field value, similar

to the one in figure 4.10 for CoFeB.
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Figure 4.13: Integrated FFT signal between 4.4GHz and 5.5GHz for different ap-
plied field angles and applied field angles.

Figure 4.14 shows the integrated signal over the applied magnetic field
strengths. Surprisingly, the second peak which was absent at the CoFeB
sample and predicted by the PWM does show up on the Ni sample. There-

fore, the spin wave localization seems like a plausible explanation for the
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obtained results.
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Figure 4.14: Integrated and normalized signal of the Ni/SLG angle dependent
measurement together with the result of the PWM and the sin(2¢) from the mag-

netoelastic equation.

Figure 4.15 shows the spin wave localization on Ni/SLG from the PWM.
Again, the assumptions are made that the sample has a periodicity of 1um
and the magnetization at the hot region is 0.3M/M,. Similar result is ob-
tained as for the CoFeB sample, but with a lower angle for the dip at 32°
due to the lower saturation magnetization. The spin wave localization for
low angles is in the cold region and for high angles it resides mainly in the

hot region, which is the same as previously seen for CoFeB.

4.3.3 Ni wires

To verify the obtained results and the suggestion for the spin wave local-
ization theory, Ni wires were produced and measured. These wires have
a width of 500nm and are spaced 500nm apart from each other. The thick-
ness is 50nm, which is about the same as for the previous Ni and CoFeB

samples. Since the wires already have a striped pattern, there is no need
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Figure 4.15: Spin wave localization within the sample at particular angles. Red

is heated part because of an interference line and blue is cold part of the sample.

The demagnetization has a sinusoidal shape.

for the second pump; the wired profile is in itself a magnonic crystal since
there is no magnetic material in between the stripes. The acoustic waves
still propagate since they are transduced by the substrate and not the de-

posited metal.

The results for the angle dependent measurement is given in figure 4.16.
This figure shows again the magnetoelastic interaction curve of sin(2¢)
and the data from the plain Ni sample with the TG experiment. The last
thing it shows is the angle dependence of the Ni wires. From this figure
can be seen that the Ni wires follow the magnetoelastic curve. This can be
explained by looking at the spin wave localization. Since the cold region in
the sample has been removed, the signal comes only from the hot region.
Since the signal from the sample is now always in-phase the signal does
not get suppressed at a certain angle where the spin is delocalized. The

difference in signal on the lower angle side can be explained by the spin
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Figure 4.16: Integrated and normalized signal of the Ni wires on applied mag-
netic angle dependence together with the obtained signal for TG on nickel and

the sin(2¢) curve from the magnetoelastic interaction.

wave localization which is still very low at low angles in the hot region as

shown in figure 4.15.

4.4 Discussion

Some remarks are necessary on the results obtained in the previous sec-
tion. The first remark is obviously about the absence of the second peak
for the CoFeB sample. Until now, it remains unclear why this peak is miss-
ing. Since the setup is the same as for the Ni sample, this feature can’t be
setup related. Therefore, the differences in properties of CoFeB and Ni

should have caused the different properties.

4.4.1 Magnetic Anisotropy

The first difference is the presence of an uniaxial magnetic anisotropy

within the CoFeB sample. To find out whether the anisotropic effect in-

41

Version of July 21, 2017- Created July 21, 2017 - 16:28



42 Results and Discussion

terferes with the signal from the acoustics, the sample is rotated on its
stage by 25°. This changes the direction of the anisotropic axes. The result
of the integrated Fourier transform for the different applied magnetic field

angles is shown in figure 4.17.
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Figure 4.17: Integrated and normalized signal of the CoFeB/SiO, angle depen-

dent measurement for two different sample rotation angles.

This figure shows that the zero value changes by 5° for a sample rota-
tion of 25°. For a sample without anisotropy, this angle should always be
at 0° since there is no change of magnetization in the z-axis at this angle as
discussed in section 2.5. Because of the anisotropy, the magnetization di-
rection is not the same as the applied field direction, causing the measured

shift for different sample orientation.

The shape of both figures stay roughly the same and is only shifted by
5°. From this can be concluded that the anisotropy does not suppress the
signal generated by the acoustics within the sample. However, the magne-
tization direction is slightly influenced when rotating the anisotropy axis

and thereby moving the signal to a higher angle.
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4.4.2 Spin Wave Localization

For the comparison of the spin wave localization with the results of the
PWM, certain assumptions have been made. The periodicity of 1ym slightly
mismatches the grating of 1.1um used during the experiment.

Another important assumption is the demagnetization strength. As for
the Ni and CoFeB, a demagnetization of 0.3M/M; has been assumed. Since
the saturation magnetization of CoFeB is much higher a lower demagne-
tization effect is expected at the hot region. Also for Ni, the assumption of
the depth of the profile isn’t correct. By using the model from JanuSonis [7]
a more accurate temperature profile, and thereby demagnetization profile
can be determined.

The demagnetization profile obtained from this model is time-dependent
and also includes the thermal redistribution, going to an equally elevated
temperature over the whole sample. After 0.5ns, the minimum magneti-
zation is 0.79M/M, and the maximum at the cold region is 0.95M/m,. When
using these values, the dip is expected at 40° as shown in figure 4.18, which

is higher compared to the measured 32°.

Normalized FFT Signal (a.u.)
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Figure 4.18: Integrated and normalized FFT signal of the Ni/SLG sample accord-

ing to the plane wave method. The plot shows the time-dependence of the signal.
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After about 4ns, the system is almost equally thermally elevated and
for both the hot and cold regions the magnetization goes to 0.91M/m;. This
leads to a time-dependent spin localization as shown in figure 4.18. The
dip in this figure, the angle at which there is no spin localization, has
moved to higher angles when time passes by. The measurements how-
ever give a motion of the dip to lower angles. The origin for this time-
dependent movement in the wrong direction has not yet been identified.

For the larger saturation magnetization of CoFeB, an even flatter mag-
netization profile is expected. The flatter profile moves the dip to higher
angles. However, the missing second peak suggests some other contri-
bution to the signal. An explanation could be that the optically induced
anisotropy together with the applied field at higher angles are dominant
and causes the magnetization to point towards the y-direction. The high
saturation magnetization and crystalline anisotropy competes with the op-
tical anisotropy and external magnetic field for the direction of the magne-
tization. At higher applied field angles, the latter two might be dominant,
changing the magnetization direction. Because of this, no change in mag-
netization in the z-direction is expected according to equation 2.11.

The PWM assumes the magnetization to be in the same direction as the
applied field. This assumption might be true for Ni, with its lower satura-
tion magnetization, but might fail for higher M; values, since a larger field
is required to point the magnetization in the direction of the applied field.
Therefore the measurements for Ni might show better agreement with the
PWM compared to the CoFeB measurements.

However, att > 0, the temperature profile flattens out and after t = 4ns
the profile is expected to be almost flat again. Therefore the applied field
direction, together with the crystalline anisotropy, determine the direction
of the magnetization again. Since the acoustic waves are still present at
this time delay, precession is still expected to be driven after a certain time

delay. This signal however, does not show up.
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Chapter

Conclusion

An all-optical pump-probe spectroscopy setup is used to investigate the
magnetic and magnetoelastic response in the ferromagnetic materials CoFeB
and Ni in an externally in-plane applied magnetic field. First experiments
were performed using a single pump to identify the magnetocrystalline
anisotropy in the CoFeB for both the MgO and the SiO, substrate. Uniax-
ial crystalline anisotropy has been found for both the substrates because
of the presence of a hard and an easy axis, which are both in-plane and
are perpendicular to each other. The origin of the anisotropy remains un-
known, however it is more prominent in the CoFeB/MgO sample. This
suggests the anisotropy is induced by a small magnetic field present dur-
ing fabrication, which may be enhanced by the template structure of the
MgO (001).

The second part of this research entails a second pump, simultaneously
with the first pump, creating an interference pattern on the sample sur-
face. This interference pattern induces hot stripes on the sample surface,
expanding the sample whilst compressing the cold regions. This gener-
ated two types of acoustic waves, the Rayleigh surface acoustic wave and
the surface skimming longitudinal wave. Measurements are taken on both
CoFeB and Ni samples and an enhanced precession is observed at the fre-

quency crossing of the Larmor precession and the acoustic waves. From
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this can be concluded that the acoustic waves, induced by the optical tran-
sient grating technique, are able to drive the spin precession via inverse
magnetostriction at resonance condition.

The last part is about the applied magnetic field angle dependence by
using the double pump setup. For the Ni sample, the theory on spin wave
localization by using the Plane Wave Method shows promising compar-
isons with the obtained data. However, when adjusting the parameters
for the Plane Wave Method to represent the situation more accurately, the
result starts to deviate from the measured values. So does the angle at
which the spin delocalize increase to higher angle for less demagnetiza-
tion. The other discrepancy is the increased delocalization angle over time
according to the numerical solution whilst empirically it decreases over
time.

For CoFeB, there is a signal at lower angles until 40°. The signal is ex-
pected to return according to the Plane Wave Method for higher angles,
however, it does not for the measured values. The origin of this absence
remains unknown and more research needs to be done to find an explana-
tion for this phenomenon. To eliminate the effect of the crystalline mag-
netic anisotropy, other measurements should be taken on samples which
have larger or smaller anisotropy constants. Another interesting measure-
ment could be on samples with other type of anisotropy, such as cubic
anisotropy. To test the effect of the high saturation magnetization, new
samples should be taken with different saturation magnetizations to see if

the absence of the peak is due to the high saturation magnetization.
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