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Abstract
Materials that exhibit coupling between elastic and magnetic de-
grees of freedom are of both fundamental and technological in-
terest. Such ‘magnetoelastic’ materials possess great potential for
tuneable multifunctional devices and show opportunities for ap-
plication in novel types of magnetic data storage, in which the gen-
eration of elastic waves lead to precessional switching of the mag-
netic orientation. In this report we use an all-optical approach to
investigate the magnetoelastic properties of several ferromagnetic
thin films. The ‘transient grating’ (TG) geometry is employed, in
which the interference of two intense, spatially and temporally
overlapped pump pulses are used to excite a ‘transient’ grating
on the sample surface. This leads to the excitation of frequency
tunable (surface) acoustic waves and, using a weaker probe pulse,
the setup allows us to witness simultaneously both the acoustic
waves and their coupling to the sample magnetization in real-time
at sub-picosecond resolution. The sensitivity of the magnetization
detection scheme in the TG setup is closely linked to temperature-
induced partial demagnetization of the sample. The primary goal
of this work is to understand the details of the temperature dy-
namics after optical excitation and how they affect the magnetiza-
tion dynamics. In order to fully reconstruct the magnetization in
time, it is therefore necessary to carefully consider the tempera-
ture dynamics inside the sample after excitation. Numerical simu-
lations are performed to calculate the temperature dynamics with
picosecond time resolution. The result of the simulations are used
to correct the amplitudes of the magnetization precession of exper-
imental data sets appropriately, revealing the ‘real’ magnetization
dynamics as a function of time. As a secondary goal, we began
a new experimental activity to study the magnetoelastic effects in
the strongly magnetostrictive material ‘Terfenol’. The results show
multiple fundamental departures from previous measurements on
nickel films. Whereas the response in nickel showed the resonant
elastic driving of magnetization precession, in Terfenol, the most
striking effect is the apparent complete, field-periodic, suppres-
sion of elastic wave propagation. Understanding of the remarkable
results for Terfenol is still limited, and additional experimental
work is needed as well as a clear theoretical framework. Nonethe-
less, these effects are remarkable in their ability to control thermal
expansion and strain generation using magnetic fields.
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Chapter 1
Introduction

Figure 1.1: Schematic illustrating the three ferroic order parameters - ferroelec-
tricity (E), ferromagnetism (H) and ferroelasticity (σ ) - and their coupling via the
polarizability (P ), magnetization (M) and strain (ε). Adapted from [1].

The search for high-speed, low-energy data storage devices in the present
age in which digital information is proliferating and increasing exponen-
tially, has led to both solid state devices as well as magnetic solutions.
In the search for fast and low-cost data writing and storage techniques,
much attention has been directed towards the utilization of multiferroics.
By definition, multiferroics are materials that show more than one of the
three ferroic order parameters simultaneously - ferroelectricity, ferromag-
netism and ferroelasticity. After receiving some initial attention in the 60s
and 70s in which magnetoelectric materials (materials in which coupling
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2 Introduction

occurs between the ferromagnetic and ferroelectric order parameter) were
studied [2], technological advances and better theoretical understanding
have stimulated an increasing number of research activities on multifer-
roics since the early 2000s [3]. Improved techniques for producing high-
quality crystalline samples and thin films, along with advances in theo-
retical and computational methods, have led to the identification and un-
derstanding of new types of multiferroics [3–5], opening the door to many
novel types of device applications. Most research is focused on magne-
toelectrics, with the researcher’s incentive being the prospect of finding a
material in which charge can be manipulated using magnetic fields or in
which spins can be controlled with electric fields.

Precessional magnetization switching has proven to be a suitable can-
didate for future data writing methods [6, 7]. This precessional switching
can be accomplished by two orthogonal magnetic field pulses along the
soft and hard axes [7]. A different route is to use elastic wave pulses [8].
With this method, the challenge is to tune the elastic pulse strength, dura-
tion and frequency in such a way that the magnetization starts precessing
and subsequently relaxes into the opposite orientation in a predictable
fashion. The phenomenon of magnetization precession due to elastic de-
formations is a type of ‘magnetoelastic’ coupling, i.e. coupling between
elastic and magnetic degrees of freedom. The foundation of magnetoe-
lastics has been well-established for several decades [9, 10]. There are
two main routes for generating these elastic waves: 1) excitation through
all-electric interdigitated transducers (IDTs) [11–13] and 2) ultrafast all-
optical excitation [14–16]. The IDTs consist of interdigitated metal elec-
trodes that launch narrowband radio-frequency surface acoustic waves
(SAWs) of up to several GHz in a piezoelectric substrate on which the
magnetic film is mounted. Optical methods are not limited by such com-
plex sample structures, but lead in most cases to broadband longitudinal
acoustic waves. They can generate strain amplitudes larger by several or-
ders of magnitude than transducer-based methods, enabling studies in the
nonlinear regimes.

In this study we investigate magnetoelastic coupling in ferromagnetic
materials using all-optical methods of excitation. We employ various op-
tical methods to launch narrow-band acoustic waves in our samples. To
do this we use the so-called ‘transient grating’ technique [17] - an opti-
cal technique belonging to the class of pump-probe experiments, which
creates a spatially periodic excitation pattern on a sample. This gener-
ates various acoustic modes, including frequency tunable surface acoustic
waves. Using ultrashort laser pulses, this setup allows us to transiently
follow both the elastic and magnetic dynamics simultaneously with sub-

2
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3

picosecond resolution. The samples under our investigation are ferromag-
netic thin films, ranging from polycrystalline nickel to more exotic ma-
terials such as single-crystal epitaxial Terfenol, which are mounted onto
transparent, nonmagnetic substrate materials such as glass, MgO and sap-
phire.

The motivation of our experiments is to gain understanding of the
stresses and magnetic states inside the studied materials and how they
relate to each other. Coupling between these two degrees of freedom is
observed in several of these materials, providing possibilities for applica-
tions and further research in the fields of, for example, optical spin pump-
ing and low-power magnetization switching [8].

The transient grating setup poses additional challenges during the de-
tection of magnetic dynamics. The spatially non-uniform excitation pro-
file and the resulting alignment of spins makes the experimental sensitiv-
ity to the (local) magnetization of the sample nontrivial. A careful analysis
and simulation of temperature dynamics inside the magnetic film is per-
formed alongside the experimental work in order to obtain accurate and
representative results for the magnetic behavior.
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Chapter 2
Experimental Setup

For the work presented in this thesis, three primary experimental schemes
need to be considered. In the first instance, standard pump-probe spec-
troscopy is required to accurately measure sample temperature evolution.
Secondly, the majority of the work relies on a special case of pump-probe
spectroscopy called ‘transient grating’ (TG) spectroscopy, where a spa-
tially inhomogeneous excitation of the sample surface generates narrow-
band surface propagating acoustic waves. Finally, in our special imple-
mentation of TG, we incorporate also magnetooptical measurements to
assess the average magnetization of the sample. Each technique is dis-
cussed separately below.

2.1 The Pump-Probe Setup

Our approach to studying magnetoelastic phenomena is based on ultra-
fast optical techniques, where we monitor, in real time, the dynamics of
the sample after it is perturbed out of equilibrium by a pulse of light. The
manner in which this so-called pump-probe technique is implemented
provides access to a range of dynamical processes such as electronic, mag-
netic and structural dynamics.

In the conventional pump-probe experiment (Figure 2.1), short pulses
of light called the pump and probe beams are focused and spatially over-
lapped on the sample surface. The more intense pump pulse triggers
dynamics in the sample material, and a time-delayed probe pulse sub-
sequently measures the change in optical properties. The time delay can
be tuned to probe dynamics from the femtosecond to nanosecond scale
and beyond. By carefully selecting the pump and probe photon energies,
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6 Experimental Setup

FWHM 
~120 fs 

Time Delay 
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α 

Figure 2.1: Pump-probe setup. One pump beam and one probe beam are spa-
tially overlapped onto the sample surface with variable time delay. The transmit-
ted probe beam carries information of the optical properties of the sample and
goes to a photodetector.

as well as a careful consideration of the experimental geometry, specific
information can be extracted about individual degrees of freedom in the
material. Common examples of pump-probe techniques include ultrafast
magnetooptics measurements to understand magnetization dynamics, or
ultrafast x-ray and electron techniques to study structural dynamics. In
this thesis, we combine two specialty spectroscopies to generate and detect
acoustic waves in materials while simultaneously measuring the average
magnetization response via magnetooptical methods.

For the particular experiments discussed in this thesis, we implement
a two-color (nondegenerate) pump-probe scheme, where the pump pho-
ton energy is frequency shifted to 3 eV (400 nm), while the probe is kept at
the laser fundamental of 1.5 eV (800 nm). The more intense pump pulse
causes ultrafast excitation of the sample, triggering electronic excitation,
which, over time, are distributed to a range of internal degrees of freedom
such as magnetic orientation and lattice vibrations. The lower intensity
probe pulse subsequently monitors the resulting dynamics of the various
material properties of the sample. The dynamical response caused by the
pump is measured by capturing the transmitted probe beam with a pho-
todetector, where the transmission of the (800 nm) probe can be enhanced
or diminished due to the dynamics of the material parameters following
excitation. In this way, the materials dynamics are encoded onto the probe
beam parameters such as intensity or polarization. The output of the

6
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2.1 The Pump-Probe Setup 7

pump probe experiment is a time trace, which shows the encoded material
dynamics as a function of time delay between excitation and probing. For
our samples and timescales, the pump-probe setup is mostly sensitive to
temperature dynamics (see Section 4.2).
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Figure 2.2: Sample pump-probe trace. Excitation by the pump pulse occurs at
time t = 0. Subsequent changes in the sample transmission T are a measure of
the sample temperature.

A representative pump-probe time trace is shown in Figure 2.2. Ini-
tially, before t = 0, no pump-induced change in probe intensity is mea-
sured by the detector. At t = 0, the pump and probe pulses are simulta-
neously incident on the sample, which is clearly visible by the large spike
in probe intensity. After this initial excitation, the probe intensity is mod-
ified (reducing in the figure) as the sample cools and returns to its ground
state.

For the purposes of this thesis, pump-probe measurements as depicted
in Figure 2.1 are used to accurately determine the temperature dynamics
of the film/substrate heterostructure. As will be discussed in Chapter 3,
to understand the temperature evolution at the interface between two dis-
similar materials, one must understand the ‘thermal boundary resistance’
present due to the differences in phonon density of states for the two ma-
terials. This quantity is of importance in performing accurate simulations
of the temperature dynamics in the transient grating geometry, which is
the main topic of Section 4.4. The theory of the thermal boundary resis-
tance is included in Chapter 3. In Chapter 4 the quantity is determined
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8 Experimental Setup

for nickel/SLG and nickel/MgO samples.
The experiments discussed in this thesis utilizes a turn-key ultrafast

laser system called the ‘Legend Elite’ produced by Coherent Inc. In this
system, pulses from a mode-locked Ti:Sapph oscillator are amplified, re-
sulting in ≈ 120 f s pulses of wavelength λ = 800 nm, E = 5 mJ at a 1
kHz repetition rate. Attenuated pulses are polarized and directed to the
experiment, where each pulse is split into pump and probe pulses using
approriate optics. The pump beam is sent to a delay stage, providing up
to 8 ns of time delay between the pump and probe pulse by adjusting the
pump path length. The pump pulses are frequency-doubled to λ = 400
nm using a BBO crystal.

The samples that we measure consist of thin magnetic films such as
nickel on transparent substrates, such as soda lime glass (SLG, microscope
slide), sapphire or MgO. Nickel films are prepared using Electron Beam
Physical Vapor Deposition (EBPVD) in the clean room. Additional layers
are added in some cases, such as protective capping layers.

2.2 The Transient Grating Setup

The main focus of this thesis is the study of magnetic materials in the tran-
sient grating (TG) geometry. TG is an extended version of the pump-probe
setup discussed in the previous section, and as such, has many common-
alities. It involves, however, a more complex method of excitation leading
to additional dynamics.

The transient grating setup uses two, spatially-interfering, pump pulses
leading to a spatially inhomogeneous excitation of the sample surface.
The general TG setup is shown in Figure 2.3, where two 400 nm pulses
are shown to overlap at the sample surface. In our experimental imple-
mentation, the crossing of the two pump pulses is ensured by imaging
a diffractive phase mask onto the sample (for example, in the figure the
imaging condition is provided by a two-lens imaging system). The phase
masks that we use (produced by Toppan Photomasks) are optimized for
maximum first order diffraction efficiency at the pump wavelength λ =
400 nm, thus providing for the largest possible pump intensity. The exci-
tation wavelength Λ is calculable using standard diffraction and imaging
formulas, ultimately resulting in wavelengths as small as 2 µm at the sam-
ple position. The pattern generated on the sample surface is an optical
image of the phase mask, but since only the first-order diffracted beams
are used to form the image, the result is a sinusoidal modulation instead
of the square wave pattern of the phase mask. As an extension of pump-

8
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2.2 The Transient Grating Setup 9

FWHM 
~120 fs 

Sample 

Probe beam 
(l~800nm) 

Pump beams 
 (l~400nm) 

Diffraction  
Grating 

L2 
Time Delay 

 Dt 

l/2 
Wollaston 

Prism 

Transmission TG 
Detector 

Faraday Rotation  
Detector 

L1 H 

Figure 2.3: Transient grating (TG) setup. Two pump beams and one probe beam
are spatially overlapped onto the sample surface with variable time delay. The
pump beams create a spatially periodic interference pattern (see Figure 4.10),
diffracting the probe pulse into several pulses traveling in different directions.
The zero-order diffracted pulse (direct transmission) is polarization-analyzed in
a Faraday detection scheme. The first-order diffracted probe pulse is captured by
a single photodetector. An additional degree of freedom is introduced by placing
the sample is placed in a magnetic field H of variable strength parallel to the
grating wavevector k.

probe methodologies, the periodic excitation profile in the TG configura-
tion leads to additional dynamics. The modulation in intensity heats the
sample inhomogeneously, introducing lateral carrier and heat diffusion.
Furthermore, the wave-like excitation profile leads to spatially periodic
expansion of the sample, launching acoustic wave modes along the sur-
face (see Section 3.1).

The probing of the spatially inhomogeneous dynamics can be performed
in a number of ways. In our experimental setup, the 800 nm probe pulse
also traverses a nearly identical optical path, while the choice of probing
geometry also provides a means of selecting which dynamics are accessed.
The mask has a low diffraction efficiency for the probe wavelength, and
as a result, the zero-order diffracted probe pulse has sufficient energy and
is used to follow the various material properties. The difference with the
simple pump-probe geometry is that in the TG setup, the pump-induced
spatial wavelike excitation profile modulates the sample properties (such
as density) and acts as a ‘transient’ diffraction grating for the probe pulse.
As the probe is incident on the sample after it has been excited, it is
split into a central transmitted probe pulse and two first-order diffrac-
tion pulses. This also occurs in reflection, but this is not employed in this
study. Each beam of the probe provides different information of the sam-
ple dynamics.

The undiffracted probe beam is sensitive to the average material prop-
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10 Experimental Setup
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Pump Pump Probe 

Transmission 

Sample 

Diffraction Diffraction 

H 

Figure 2.4: A spatially periodic pattern is created by interference of the two over-
lapped pump pulses. This results in splitting and diffracting of the probe pulse.
The zero- and first-order diffracted probe pulses are captured and carry different
types of information about the sample properties.

erties, which, for the case here, are largely determined by the sample tem-
perature. Although the temperature profile is not uniform in the TG con-
figuration, the central probe is sensitive to the average value, and time
traces are therefore similar to the case of single-pump excitation (see Fig-
ure 2.2).

Detection of the diffracted probe pulse is the signature of the TG setup.
Its intensity can be transiently followed by placing a detector - named
the ‘transmission TG detector’ in Figure 2.3 - at a specific angle θ behind
the sample. The correct angle for placing the detector is determined by
calculating the first-order diffraction angle using the grating wavelength
Λ and the probe wavelength of 800 nm:

θ = arcsin
(λprobe

Λ

)
, (2.1)

Figure 2.5a shows an example transmission TG time trace for a nickel
film on an SLG substrate, averaged over multiple loops. The pump-induced
grating on the sample has wavelength Λ = 1.97 ± 0.02 µm. The shape
of the curve is quite similar to the pump probe trace (Figure 2.2), but
shows additional oscillatory behavior, a characteristic not observed using
the simple pump-probe technique. The oscillations are due to acoustic
waves that are being launched by the transient grating. The TG technique
can be used to study elastic characteristics of many types of materials. As
an example, Figure 2.5b shows curves of some initial experimental work
on the silicone polydimethylsiloxaan (PDMS). Three traces are presented:
the blue curve shows a transmission TG time trace for nickel under the

10
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Figure 2.5: Sample time traces of transmission TG detection. The curves shows
oscillations due to the presence of acoustic waves, which is not observed using
basic pump-probe traces. (a) Time trace of a nickel film on an SLG substrate, av-
eraged over multiple loops. (b) Addition of a ‘hard’ (H) and ‘soft’ (S) transparent
PDMS layer on the nickel layer. In all cases, nickel film thickness d = 40 nm,
grating wavelength Λ = 1.97 ± 0.02 µm
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12 Experimental Setup

same conditions as for the trace in Figure 2.5a. The black and red curve
shows TG curves for nickel samples on which a layer of the transparent
PDMS has been applied, where black contains elastically ‘hard’ PDMS
and red ‘soft’ PDMS. It can be seen that the samples with added PDMS
show rather similar behavior as the bare nickel sample. They are however
not identical. The samples with PDMS (both hard and soft) show an ad-
ditional lower frequency oscillation superposed on top of the bare nickel
sample. Such clear differences between data from samples with and with-
out added PDMS layer provides information about the elastic properties
of PDMS.

It can be noticed that panel (b) has lower signal-to-noise levels than
panel (a). This is mostly due to the fact that the traces in panel (b) are
single loops rather than averages. Furthermore, for these ‘overlayer’ ex-
periments, where we place a soft polymer onto the nickel films, the sam-
ple is excited ‘through the back,’ meaning that the substrate side faces the
incoming pump and probe beams. This may affect the signal to noise ra-
tio. Probing through the substrate was also found to diminish the initial
‘spike’ at t = 0.

2.3 The Faraday Detection Scheme

To augment the transient grating geometry, we implement a new capabil-
ity that measures the magnetization dynamics simultaneously to the elas-
tic dynamics. The simultaneous measurement of magnetooptical proper-
ties, implemented in the Faraday geometry, provides details of the average
magnetization dynamics of the sample under study. Magnetooptical mea-
surements encode the sample magnetization direction and amplitude onto
the polarization state of the probe beam and thus a careful measurement
of the latter as a function of time provides for the temporal evolution of
the material magnetization.

Magnetooptics schemes are well-known in both static and dynamic
measurement of material properties, and measuring the polarization of
light is now a common experimental technique. The Faraday detection
scheme is schematically depicted in Figure 2.3. Due to the sample magne-
tization (and dynamics), the probe undergoes small changes in polariza-
tion angle and ellipticity passing though the sample, typically less than 1
degree. An optical bridge geometry is utilized, which is well-known for
sensitive detection of light polarization. The first optical element of the
bridge is a λ/2 plate (half-wave plate), rotating the polarization angle to
45◦. The probe beam is subsequently split by a Wollaston prism into its

12
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Figure 2.6: Sample time traces of Faraday detection. The curves show oscillations
with field-dependent frequencies and amplitudes. Intensities can be both posi-
tive and negative, corresponding to clockwise and counter-clockwise rotation of
the plane of polarization. (a) Nickel sample. Vertically off-set time traces for two
different values of applied magnetic field H . 40 nm nickel on SLG, Λ = 1.97 ±
0.02 µm. (b) Iron sample at an applied field ofH = 185 G, averaged over multiple
loops. 10 nm Al2O3 / 40 nm Fe / 10 nm Al / SLG, Λ = 1.1 µm.
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14 Experimental Setup

(equally intense) horizontal (H) and vertical (V) polarization component,
each of which is subsequently captured by a photodetector. Any small
change in polarization will slightly increase the intensity on one of the
detectors while causing a small reduction on the other detector, or vice
versa. The difference signal between the two detectors is then a sensitive
measure of the change in polarization angle.

Recording the changes in polarization direction at different delay times
results in time traces, of which examples are shown in Figure 2.6. The top
panel shows Faraday time traces for a nickel/SLG sample at two different
values of applied magnetic field H . Oscillations are present with a fre-
quency and amplitude that changes with magnetic field, which represent
the time-dependent precession of the magnetization vector driven by the
underlying elastic waves. For an iron sample, shown in the bottom panel,
the oscillations are superposed on a background that is large in compari-
son to nickel.

2.4 Conclusion

This chapter described the general principles of three techniques: the
pump-probe technique, the TG geometry and the Faraday detection scheme.
All of these techniques are employed in this work in order measure differ-
ent sample dynamics following pump excitation. The next chapter de-
scribes these dynamics, and explains how these phenomena lead to the
time traces presented above.

14
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Chapter 3
Theory

3.1 Sample Excitation

The previous chapter showed representative time traces for the various
types of measurements in the transient grating setup. This section gives a
theoretical overview of the ultrafast processes involved in TG sample exci-
tation and how these processes lead to the detected curves in the Faraday
and TG diffraction channels.

3.1.1 Acoustic Waves and TG Diffraction Detection

It is well known that transient grating spectroscopy involves generation
of surface acoustic waves in the sample [18]. Sudden heating of the sam-
ple due to optical absorption of the ultrashort pump pulses leads to rapid
expansion of the sample surface. At the interference maxima (the ‘hot’
spots) the absorbed energy is larger than at the interference minima (the
‘cold’ spots), causing a spatial modulation of thermal expansion known
as a “ripple”. This launches several types of counter-propagating acoustic
waves simultaneously, with wavelengths equal to the grating wavelength
Λ and propagation velocities depending on the type of acoustic wave and
on the mechanical properties of the sample. The counter-propagating
acoustic waves result in standing acoustic waves.

The most prominent and well-known acoustic wave that is generated
in the TG setup is the Rayleigh Surface Acoustic Wave (SAW). Rayleigh
waves are solutions to the wave equation which comprise an imaginary
out-of-plane wavevector, and are thus confined to the surface of the sam-
ple [19]. They are characterized by nonzero strain components εxx, εxz and
εzz, that attenuate as a function of depth into the sample. Their surface-
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16 Theory

bound nature manifests as having long measured lifetimes and do not de-
cay significantly within our maximum time window of 8 ns. The penetra-
tion depth of the Rayleigh wave is in the order of its wavelength. Using
thin films with thicknesses much smaller than this wavelength, therefore,
the Rayleigh wave propagation velocity depends mostly on the substrate
material. In SLG, for example, Rayleigh waves propagate at 3120 ± 20m/s
[20].

A second, less well-known, acoustic wave mode is also shown to be
generated in our samples, namely the Surface Skimming Longitudinal
Wave (SSLW) [20], traveling at 5590 ± 15 m/s. These waves are near-
surface propagating compressional waves (longitudinal waves), however,
to the best of our knowledge, they are not surface-bound waves in the
strict sense and do propagate at some shallow angle way from the sur-
face. The experimental observation is then of a rapidly attenuating acous-
tic waveform on the timescales of a few nanoseconds. The observation
of the SSLW was a somewhat unexpected result, in that SSLW generation
in the TG configuration has not been previously shown. However, in our
TG configuration, all acoustic modes are generated subject to the initial
boundary conditions imposed by the thermal stress, and thus it is not
unexpected that additional waves are present. A more detailed account
on acoustic wave generation due to optical absorption using the transient
grating geometry can be found in the literature ([21, 22]).
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Figure 3.1: (a) Same time trace as in Figure 2.5, after background removal. (b)
Corresponding (FFT) frequency spectrum, showing two peaks. The lower and
higher frequency peaks correspond to the Rayleigh wave and the SSLW respec-
tively. 40 nm nickel on SLG sample, Λ = 1.97 ± 0.02 µm.

Monitoring of the dynamics by looking at the first-order diffracted
probe beam results in traces as shown in Figure 2.5. The modulation depth
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Figure 3.2: Frequency spectra of curves shown in Figure 2.5. All three samples
show the SSLW frequency. PDMS samples shows an additional peak at lower
frequency (≈ 1 GHz). No distinct differences are visible between soft (S) and
hard (H) PDMS. All samples include 40 nm nickel on an SLG substrate, Λ = 1.97
± 0.02 µm.

of the excited grating changes in time with the frequency of the standing
wave, changing the diffraction efficiency for the probe and therefore the
intensity on the photodetector. The oscillations present in this ‘TG trans-
mission’ curve are therefore due to the oscillations of the standing acoustic
waves. Subtracting the background of the curve and subsequently analyz-
ing the frequency spectra results in the graphs shown in Figure 3.1 and
3.2. Two peaks are clearly visible in the frequency domain for the nickel
sample, corresponding to the Rayleigh mode (lower frequency) and the
SSLW mode (higher frequency) of SLG. When an additional PDMS layer is
deposited on the nickel sample, an extra peak is present at a frequency of
≈ 1 GHz. The behaviour is similar for both ‘soft’ (S) and ‘hard’ (H) PDMS.
The SAW frequency peak of SLG that is present in Figure 3.1 is less pro-
nounced in Figure 3.2 due to higher noise levels in the time traces. The ex-
tra peak at low frequency is indicative of a SAW mode being present inside
the PDMS layer, which, due to a lower stiffness coefficient as compared to
nickel, is expected to have a lower propagation velocity and therefore a
lower frequency. In our time window of 2.5 ns, and using Λ = 1.97 ± 0.02
µm, the low-frequency response results in approximately one full oscil-
lation period only. Work is currently being done on the installation of a
delay stage capable of measuring up to 12 ns of time delay, in order to
determine the elastic properties of PDMS more accurately.
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3.1.2 Magnetoelastic Coupling and Faraday Rotation De-
tection

The acoustic waves in our TG setup, described in the previous section,
couple to the magnetic degrees of freedom via the process of magnetoe-
lastic coupling. Under static conditions, shape anisotropy causes the easy
axis of the magnetization to lie in the sample plane, along a minimum F0

of the magnetic free energy density F. Launching of the elastic waves due
to the pump excitation leads to an additional contribution Fel to the mag-
netic free energy density, driving m away from its equilibrium position
[23]. Fel depends on the the sign and amplitude of the strain ε. Since ε
is spatially modulated in the x-direction with wavelength Λ, the resulting
magnetization m also assumes a spatially periodic form. This magnetoe-
lastic coupling, which is also known as the (inverse) magnetostrictive ef-
fect, results in a standing magnetic (spin) wave as schematically depicted
in Figure 3.3.

Figure 3.3: Schematic representation of the sample showing the ‘ripple’ effect
due a strain wave with wavelength Λ. This surface acoustic wave acts as a driving
force of a spin wave of equal wavelength due to inverse magnetostrictive effect.

When the magnetization vector m = M/M in an effective magnetic
field Heff is brought out of its equilibrium, its subsequent dynamics can
be described by the Landau-Lifshitz-Gilbert (LLG) equation,

∂m
∂t

= −γm×µ0Heff+αm× ∂m
∂t

, (3.1)

where γ is called the ‘gyromagnetic ratio’ and α is the damping constant.
The effective field is dependent on the free energy density,

Heff(t) = −
1
µ0

dF(t)

dM
, (3.2)

and so, through the free energy density, the elastic waves change the effec-
tive field Heff in time. For a ferromagnetic thin film with both the external

18
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3.1 Sample Excitation 19

field B0 and the magnetization M lying in-plane, the LLG equation leads
to resonance frequencies ω0 according to the Kittel formula of ferromag-
netic resonance (FMR), i.e.

ω0 = γ
√
B0(B0 + µ0M). (3.3)

The k = 0 (and, more generally, long wavelength excitation) spin wave
precesses at a field-dependent frequency ω0 according to Equation 3.3.
The applied field strength can be tuned in such a way that this frequency
is equal to the frequency of the acoustic wave, leading to resonant ampli-
fication of the acoustic driving of the spin wave. The reader can find more
detailed discussion of elastic wave-driven FMR in the literature [12, 23].

Two sample Faraday time traces were provided in Figure 2.6 at differ-
ent applied fields. The curve at higher field shows a higher frequency as
expected in the case of FMR oscillations (Equation 3.3). It is possible to
subtract a suitable background function and calculate the frequency spec-
tra in a similar fashion as for the TG diffraction signal. If this process is
performed for Faraday time traces at many different magnetic fields (i.e.
a field scan), it is possible to create a graph as shown in Figure 3.4. The
figure shows two horizontal branches corresponding to the frequencies
of the SAW (lower branch) and the SSLW (upper branch), both of which
are active acoustic modes at all applied fields. When the applied field
is tuned in such a way that the FMR frequency matches either the SAW
or the SSLW frequency, the magnetic precession dramatically increases in
amplitude (as shown in red in the figure). When the FMR is not resonant
to any acoustic mode, a signal can still be observed, but the amplitude is
low; in Figure 2.6, the 107 G curve is resonant to the SAW and therefore
shows large amplitude, while the 827G curve is not resonant to any elastic
mode and therefore has low amplitude and a quick decay rate.

The data presented in Figure 3.4 and 2.6 was obtained using the Fara-
day detection scheme, which was discussed in Section 2.3. The sample
magnetization affects the polarization angle of the probe beam as it passes
through the sample due to the so-called ‘Faraday effect’. The Faraday ef-
fect is a magnetooptical effect first discovered by M. Faraday in 1845 [24],
and states that light undergoes a rotation in polarization plane angle as
is traverses a medium that is placed in a magnetic field parallel to the
direction of the light beam. The change in polarization angle, β, is lin-
early proportional to the magnetic field strength B and the path length d
through the medium:

β = νBd, (3.4)
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Figure 3.4: Graph showing the frequency response of the Faraday signal as a
function of in-plane applied magnetic field. The acoustic frequencies are denoted
by the dashed white lines, whereas the solid red curves show the frequencies at
which ferromagnetic resonance occurs. When the field is tuned such that the
corresponding FMR frequency matches one of the acoustic branches, the acoustic
mode resonantly drives the magnetic precession to high amplitudes. The upper
and lower branch correspond to the SSLW and SAW acoustic mode respectively.
60 nm nickel on SLG sample, Λ = 1.1 µm. Figure adapted from [20], to which the
author of this thesis has contributed.

20

Version of August 10, 2016– Created August 10, 2016 - 05:15



3.1 Sample Excitation 21

where ν is the called the ‘Verdet constant’. When the magnetic field is
mostly due to the magnetization rather than an externally applied field,
the formula can be written in the similar but less familiar form

β = KMzd, (3.5)

where K is now the ‘Kundt constant’. The formula contains Mz rather
than M, as the probe pulse undergoes Faraday rotation due to the mag-
netization component along the propagation direction - in our setup the
z-direction. We are therefore sensitive to the out-of-plane magnetization
component, which can be calculated by measuring the Faraday rotation
angle β.

The following calculations are used to quantify the Faraday rotation
based on the reading on the two detectors. The intensity of the probe
beam is

I = |E|2 = |Ex|2 + |Ey |2 (3.6)

where E is the electric field and x and y denote the two polarization direc-
tions. Initially, the polarization is set at 45◦ (π/4), making Ex = Ey . After
a Faraday rotation of β the polarization angle is (π/4+β) and Ex and Ey
become

Ex = E cos
(π

4
+ β

)
=

E
√

2

(
cos(β)− sin(β)

)
, (3.7)

Ey = E sin
(π

4
+ β

)
=

E
√

2

(
cos(β) + sin(β)

)
. (3.8)

The photodetector measures the intensity rather than electric field. In
the limit of small Faraday rotations, i.e. β � 1, the measured intensities
become

Ix = E2
x =

E2

2

(
1− 2cos(β)sin(β)

)
≈ E

2

2
(1− 2β), (3.9)

Iy = E2
y =

E2

2

(
1+ 2cos(β)sin(β)

)
≈ E

2

2
(1+ 2β). (3.10)

Measuring the difference between the two detectors, we get

Idif f = Iy − Ix = 2E2β = 2Iβ, (3.11)

and so the Faraday rotation can be calculated by

β =
Idif f

2I
. (3.12)
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3.2 The Influence of Temperature on Magneti-
zation Dynamics and its Detection

3.2.1 the Two-Temperature Model

Understanding of evolution of the sample temperature is crucial for un-
derstanding and interpreting data from the pump probe and Faraday mea-
surements accurately. The dynamics happening within the first few tens of
picoseconds can be accurately described by the Two-Temperature Model
(TTM), first proposed by Kaganov et al. [25] and Anisimov et al. [26],
where the electrons and the lattice (i.e. phonons) are treated as coupled
thermodynamic baths that can exchange energy via so-called ‘electron-
phonon coupling’. This scheme has been utilized for several decades to
describe the thermal dynamics of both electrons and phonons at the early
times after optical excitation. The calculation of temperature begins at the
instant of optical excitation.

The distance that the laser pulse of wavelength λ penetrates into the
sample film can be described by the optical skin depth δskin,

δskin =
λ

4πκ
. (3.13)

where κ is the imaginary part of the refractive index of the film material.
The intensity and energy of the pulse is given by the Lambert-Beer law:

I(z) = I0 e−z/δskin , (3.14)

where I0 is the incident light intensity. The decreasing pulse intensity
implies that energy is deposited in the film.

The Two-Temperature Model, which is applicable to metal films only,
proposes that the deposited energy is redistributed among electrons and
phonons having respective temperatures of Te and Ti . In a metal film, the
absorbed photon energy leads to the creation of free electrons (Drude re-
sponse). In TTM the deposited energy first goes towards instantaneously
increasing the temperature Te of these free electrons. The thermal energy
subsequently transfers from the electrons to the phonons via the process
of electron-phonon coupling, until Te = Ti , which takes typically less than
a few picoseconds. The spatial and temporal evolution of electron and
lattice temperatures are calculated by solving the following coupled 1D
nonlinear differential equations:

22
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3.2 The Influence of Temperature on Magnetization Dynamics and its Detection 23

Ce(Te)
∂Te
∂t

= k(Te)
∂2Te
∂z2 − g(Te − Ti)

Ci
∂Ti
∂t

= g(Te − Ti),
(3.15)

where Ce is the electronic heat capacity, k is the electronic thermal con-
ductivity, g is the electron-phonon coupling constant and Ci is the lattice
heat capacity. Ce and k are both dependent on Te.

The Two-Temperature Model is used in this thesis to calculate the lat-
tice heat distribution in the magnetic film after excitation. This distri-
bution is then used for the initial conditions, i.e. the t = 0 temperature
distribution, for the subsequent thermal dynamics of the spatially inho-
mogeneous temperature profile generated in the TG configuration at the
nanosecond scale.

3.2.2 Thermal Boundary Resistance

Once the lattice temperature is increased after electron-phonon equili-
bration, heat will diffuse across the film. When the phonons reach the
film/substrate interface, an additional physical quantity comes into play,
namely the ‘Thermal boundary resistance’. Thermal boundary resistance,
also called ‘Kapitza resistance’ RKap, is a quantity that becomes important
whenever there is heat transfer across an interface between two materi-
als or phases. It was first described by P.L. Kapitza in 1941 [27] when he
noticed a discontinuous temperature drop at the interface between liquid
and solid helium. It occurs due to interfacial scattering of phonons and
electrons and can be described by the formula

RKap =
1

GKap
=

∆T
Q

, (3.16)

where GKap is the thermal boundary conductance,Q is the heat flux across
the boundary and ∆T is the accompanying drop in temperature. The
larger the value of RKap, the longer it takes for heat energy to pass the
interface. In the next chapter, the thermal boundary resistance will be
determined for nickel/SLG and nickel/MgO interfaces using pump-probe
data. The accurate estimate of these values is of importance in this thesis,
as it is needed to realistically calculate the temperature dynamics inside
the magnetic film.
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(a) (b) (c)

Figure 3.5: Illustration of the importance of temperature for determining mag-
netic contrast, i.e. the difference between positive Mz values (shown in orange)
and negative Mz values (shown in blue) along the spin wave. a) Values of Mz

without taking temperature effects into account. The sum of Mz is zero; experi-
ment would be insensitive to magnetic dynamics. b) Sensitivity comes from tem-
perature effects due to the pump. ‘Hot’ regions in the grating (between 0.25Λ
and 0.75Λ, blue) become more demagnetized than ‘cold’ regions (0-0.25Λ and
0.75-1Λ, orange), leading to non-zero sum. c) At larger fluences the hot regions
are completely demagnetized. The magnetization at the cold regions are reduced
as well (green regions).

3.2.3 Temperature Dependence of Magnetization

The detection of magnetization precession in the transient grating setup
is a nontrivial process. It was explained in the previous sections that
the application of a grating gives rise to a standing spin wave as well
as temperature differences in the sample. The identification of the time-
dependent magnetooptic sensitivity in the Faraday detection scheme re-
quires a detailed knowledge of the temperature dynamics following exci-
tation.

With a diameter of approximately 75 µm, the probe beam is signifi-
cantly larger than the grating wavelength Λ, and as such, the probe beam
does not measure the value of Mz at a specific point in the spin wave but
rather a value of Mz integrated over many wavelengths of the spin wave.
Within one wavelength, Mz traverses all precessional phases, and so the
averaged value is the sum of both positive and negative Mz-values (see
Figure 3.5). Naively this may lead one to conclude that the average Mz-
value should be zero. During experiments, however, a signal is observed,
implying a finite, non-zero average. To elucidate where this sensitivity
comes from, a careful analysis of the temperature distributions and dy-
namics in the sample is performed in the next chapter. To understand
why the average value of Mz is nonzero we must incorporate the temper-

24
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3.2 The Influence of Temperature on Magnetization Dynamics and its Detection 25

ature differences on the sample. At the positions where the two pump
pulses interfere constructively the fluence is high and there is an increase
in temperature (a ‘hot’ spot), whereas at the positions of deconstructive
interference there is effectively zero fluence and no initial rise in temper-
ature occurs (a ‘cold’ spot). More specifically, the interference pattern of
the two pump pulses creates a fluence profile as a function of position x
according to

F(x) = 2Fav sin2
(xπ
Λ

)
, (3.17)

where F and Fav are the fluence and average fluence respectively, and Λ is
the grating wavelength.

The nonzero average value for Mz comes from the fact that the magne-
tization amplitude M, and therefore Mz, depends on temperature. How
the temperature affects the magnetization at every point along this profile
can be understood using the complete Brillouin expression for the magne-
tization of spin S = 1

2 materials, i.e.

M = Nµ tanh(µλM/kBT ). (3.18)

This equation can be solved numerically and gives nonzero solutions
only for 0 < T < Tc. For nickel, with Tc = 627 K , the expression is in good
agreement with experimental values [28]. The obtained curve is shown in
Figure 3.6.

Figure 3.6: Temperature dependence of magnetizationM. M is equal to the satu-
ration magnetization Ms at absolute zero. At T > Tc, all magnetic ordering is lost
(Tc = 627 K for nickel).
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All magnetic moments are aligned at absolute zero temperature, and
so the magnetization is equal to the saturation magnetization. At increas-
ing temperatures the magnetic moments start to behave increasingly ran-
domly, eventually leading to a completely disordered state with zero mag-
netization at temperatures of Tc and above. For nickel at room tempera-
ture (300 K), M is 96.5 % of the saturation magnetization.

The temperature-dependence of magnetization has consequences for
the spatial average Mz value. The spin wave is launched by the grating
and therefore has a wavelength equal to the grating wavelength Λ. The
z-component of the magnetic moments at the hot and cold spots therefore
always have opposite direction, i.e. they are anti-parallel since they are
half a wavelength apart. Furthermore, since the temperature is higher at
the hot spots, the magnetization there is lower than at the cold spots. This
property is at the core of explaining the nonzero average value of Mz.

If the temperature would be known at every position that is probed
- that is, at every x,y,z- coordinate - it is possible to calculate how the
magnetizationM, and therefore alsoMz, is affected at every position, with
the use of Figure 3.6. By integrating these values we can calculate what
percentage of Mz is observed at the detector. If this is done also for every
point in time it is possible to describe transiently this ‘effective’ Mz value.
This is the purpose of the next chapter.

3.3 Conclusion

The pump-induced interference pattern launches narrow-band acoustic
waves, which couple to the magnetic degrees of freedom via the local free
energy density, and, consequently, the effective field. This results in a
spin wave that precesses at ferromagnetic resonance (FMR) frequencies
depending on the externally applied field. Resonant amplification of the
FMR response occurs when the magnetic field is tuned in such a way that
the frequencies of the elastic wave and the spin wave are equal. Our setup
allows us to transiently detect both the elastic waves and the magnetic re-
sponse, as well as the average temperature dynamics. Spatially resolved
temperature dynamics are important for determining the magnetic con-
trast, and, since this cannot be detected in the TG setup, this has to be
established in another way. The next chapter focuses on calculations of
magnetooptic sensitivity in the TG setup using numerical analysis.

26
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Chapter 4
Temperature Dynamics and
Magnetic Contrast of Thin Nickel
Films in the Transient Grating
setup

4.1 Introduction

The magnetic response following TG excitation is observed in real-time
using the Faraday detection scheme, which relies on changes in polariza-
tion due to the Faraday effect, and which is sensitive only to the average
out-of-plane magnetization component (see Chapter 3). In the transient
grating geometry, non-zero average values are measured because of tem-
perature inhomogeneities in the sample which cause differences in magne-
tization amplitude between ‘hot’ and ‘cold’ regions in the film. Knowledge
of the spatially-resolved temperature evolution inside the sample allows
for quantification of this sensitivity (i.e. ‘contrast’), which can be used to
estimate the angle at which the standing spin wave precesses, thereby pro-
viding a measure of how strongly the magnetic vector is driven out of its
equilibrium state by the elastic wave.

In this chapter, a method is presented to calculate the magnetooptic
sensitivity in the transient grating geometry as a function of time, using
nickel films as a test case. Firstly, the Two-Temperature Model is em-
ployed to determine the lattice temperature distribution in a nickel film
after pump excitation (Section 4.2). Separately, the Kapitza resistance of
nickel/SLG and nickel/MgO interfaces are estimated using experimental
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Grating setup

pump-probe data and 1D numerical (finite element) analysis of tempera-
ture evolution (Section 4.3). With these boundary conditions, a 2D exten-
sion of the model is used to simulate the temperature dynamics of these
heterostructures in the transient grating setup (Section 4.4). The resulting
spatial and temporal temperature profiles in the nickel film are converted
to magnetization dynamics and used to quantify the experimental mag-
netic contrast, i.e. the sensitivity to Mz as a function of time. An exem-
plary result is then presented (Section 4.6.1), of which the corresponding
‘contrast curve’ is used to calculate the precessional angle of the standing
spin wave. Finally, a discussion follows on how the contrast curve is af-
fected by differences in fluence, sample film thickness, grating wavelength
Λ, and substrate material (Section 4.6.2). The results of this chapter have
contributed to a paper that is published in Scientific Reports [29].

4.2 Application of the Two-Temperature Model

The initial lattice temperature distribution due to pump excitation is needed
in order to accurately simulate subsequent dynamics. In this study, the
initial distribution is obtained by solving the Two-Temperature Model (see
Section 3.2.1) numerically. A script was provided by dr. V. Shalagatskyi
from the Université du Maine for solving the TTM differential equations
(see Equation 3.15). The code uses a Fourier approach to solve for the
equilibrium distribution of lattice temperature after ultrafast excitation
by a single laser pulse with a specified FWHM temporal width. The rel-
atively slow process of phonon diffusion is not taken into account, as the
two temperatures reach equilibrium within a few picoseconds [30]. For a
more detailed discussion on the method, the reader is referred to V. Sha-
lagatskyi’s doctoral thesis [30].

The provided code was adapted for application to the case of a single
nickel film by selecting appropriate values of Ce, Ci , k and g for applica-
tion to the case of a single nickel film. The following values were found in
the literature and used in the code: Ce = 1077.4·Te Jm−3K−3 [31], Ci = 3.96
·106 Jm−3K−3, k = 90.9·Te/Ti Wm−1K−1 [32] and g = 2.3 ·1017 Wm−3K−1

[31].
The output equilibrium lattice temperature distribution for a 40 nm

nickel film can be seen in Figure 4.1. The temperature increase ∆T as a
function of depth z after two-temperature equilibration can be described
well by a simple exponential function:

∆T (z) = C e−z/α (4.1)

28
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4.3 Numerical Simulation of Single Pump Temperature Dynamics - a 1D Model 29

Figure 4.1: Increase in lattice temperature as a function of depth (z) after equili-
bration of electrons and phonons, reached within the first few picoseconds after
sample excitation, as calculated by the two-temperature model. This distribution
is used as initial heat distribution for calculations of subsequent temperature evo-
lution at the nanosecond scale.

where α specifies the lattice heat depth after two-temperature equili-
bration, and C is a scaling constant that depends linearly on pulse fluence.
Application of the TTM for the case of a nickel film resulted in α = 9.13 ±
0.01 nm, which was used throughout all subsequent simulations.

4.3 Numerical Simulation of Single Pump Tem-
perature Dynamics - a 1D Model

Since the TTM code includes neither lattice heat diffusion nor the sub-
strate material, finite element modeling software ‘COMSOL Multiphysics®’
(v5.1) is employed to determine the temperature dynamics of the film-
substrate heterostructure in the nanosecond regime, following the two-
temperature equilibration. In Section 4 the software is explained in detail
for a two-dimensional model in order to describe temperature dynamics in
the transient grating setup. In this section we are only concerned with sin-
gle pump excitation, i.e. pump-probe data. Single pump excitation is ho-
mogenous across the probed sample surface area, and so the temperature
is only a function of depth (the z-dimension). A simple one-dimensional
model therefore suffices.

Experimentally, the nickel films are mounted on a transparent sub-
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k ρ Cp
W/(m·K) kg/m J/(kg·K)

Nickel 90.9[32] 8908 444
SLG 0.92[32]† 2500[33] 870[33]
MgO 49.9[34] 3580 923 [34]

Table 4.1: Thermal conductivity (k), density (ρ) and heat capacity at constant
pressure (Cp), for nickel, soda lime glass and MgO, used for COMSOL Multi-
physics® simulations.
† Approximate silicon contents 60 wt. %.

strate material - usually soda lime glass (SLG) or MgO. Three material
properties need to be defined for each of these three materials in order to
simulate the heat flow in the structure: the thermal conductivity (k), the
mass density (ρ) and the heat capacity (Cp, constant pressure). The values
of the three quantities for the materials mentioned can be found in Table
4.1.

The temperature dynamics are simulated for a one-dimensional nickel
film of 40 nm attached to a 460 nm substrate - thick enough so that the
temperature of the backside of the substrate does not increase signifi-
cantly, thereby avoiding any heat build-up. The resulting temperature
evolution for a nickel film of 40 nm on top of a SLG and MgO substrate,
using RKap = 0 and RKap = 3·10−9K·m2/W respectively, is shown in Figure
4.2 (how these values were obtained is explained in the next section).

The initial temperature dynamics, in the first ≈ 25 ps, are very similar
for SLG and MgO substrates, as they are mostly determined by the nickel
film - very little heat has traveled into the substrate, while the temperature
in the film has alread reached equilibrium (i.e. the temperature in the
film is homogeneous). In the subsequent dynamics there are a few key
differences between the SLG and MgO sample. Due to the nonzero Kapitza
resistance for the MgO case there is a temperature gap at the interface
(40 nm). Despite this extra resistance, the temperature of the nickel film
drops much faster for the MgO case than for the SLG case. This is due to
the much larger thermal conductivity for MgO, causing the heat to travel
faster into the depth of the MgO substrate than into the SLG substrate.
This can be deduced from the figure as well: even though the temperature
of SLG is rises faster close the interface, the temperature at the 100 nm
mark is significantly higher for MgO (compare, for example, the curves
for both substrates at 1 ns).

30
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Figure 4.2: Evolution of temperature of a 40 nm nickel film on a SLG substrate
(a) with RKap = 0 and on an MgO substrate (b) with RKap = 3·10−9K·m2/W . The
initial temperature distribution, i.e. at t = 0, is equal to the distribution shown in
Figure 4.1, which was a result of the TTM approach. Calculations were performed
using COMSOL Multiphysics®.

4.3.1 Determination of Thermal Boundary Resistance for
Nickel/SLG and Nickel/MgO Interfaces

The values for the Kapitza resistances, i.e. RKap = 0 for SLG and RKap =
3·10−9K·m2/W for MgO, were determined by running the COMSOL Mul-
tiphysics® simulation many times for various values for RKap, and com-
paring the result with experimental pump-probe time traces. This com-
parison was made by plotting the simulated temperature of the film at z
= 0 as a function of time. Figure 4.3 shows these plots of the surface tem-
perature for SLG (a) and MgO (b), using various values for RKap. Added to
these plots is the pump-probe data. It should be noted that the tempera-
tures here are in arbitrary units, and so the data was scaled appropriately.
Based on the shape of the curves, an estimation could be made of the cor-
rect value of RKap.

It can be seen that the experimental data can be fitted remarkably well,
justifying the initial proposition that the pump-probe experiment is sen-
sitive to sample temperature. The temperature dynamics are rather dif-
ferent for SLG versus MgO. The observation that was made for Figure 4.2,
namely that the (nickel) surface temperature drops at a much quicker rate
for MgO than for SLG, can also be made in Figure 4.3. Furthermore, the
value of RKap has a much larger impact on the shape of the surface tem-
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Figure 4.3: Experimental pump-probe data (black) of a 40 nm nickel on top of an
(a) SLG substrate and (b) MgO substrate, accompanied by surface temperature
dynamics calculated using COMSOL Multiphysics® using various values of the
Kapitza resistance RKap. Correct values of RKap for the two types of interfaces are
selected on the basis of shape similarity between simulations and experimental
data.

perature dynamics of nickel on MgO. This is because for SLG, the added
resistance due to RKap has a relatively small impact, as the heat diffusion
was already obstructed by the much smaller heat conductivity. The shape
of the nickel/SLG data is rather similar to the simulated curves with values
up to RKap ≈ 5 · 10−9K·m2/W , which increases the difficulty of determin-
ing the correct value of RKap for this substrate material with nickel. Using
this technique it can only be concluded therefore that the thermal bound-
ary resistance between nickel and SLG is 0 < RKap < 5 · 10−9K·m2/W . The
importance of the Kapitza resistance in this research is to assure accurate
simulations of the thermal diffusion. Because for SLG the exact value of
RKap is not crucial for the dynamics, a value of RKap = 0 was used through-
out the simulations of nickel on SLG for simplicity.

The correct value of RKap is easier to determine for the nickel/MgO
interface. The shape is clearly affected by RKap, and from Figure 4.3 it
can be concluded that simulations using RKap = (3 ± 1) · 10−9K·m2/W
accurately describe the temperature diffusion. This value was therefore
used in the simulations of samples of nickel on MgO substrates.
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4.4 Numerical Simulation of Transient Grating
Temperature Dynamics - a 2D Model

4.4.1 Sample Dimensions and Meshing

a b 

Figure 4.4: (a) Structure and dimensions of the sample in COMSOL. (b) Meshing
of the sample; the temperature is evaluated by COMSOL at all nodes for every
time step. The magnetic film is meshed more densely as it is of greater impor-
tance for subsequent calculations of magnetization dynamics.

The temperature distribution in the transient grating setup is not ho-
mogeneous across the probed sample surface: it changes periodically as a
function of the lateral (x-)dimension. A 2D model is therefore needed to
simulate the temperature dynamics (i.e. T = T (x,z)). The structure that
was used for all 2D simulations is shown in Figure 4.4.

The size of one grating wavelength Λ (0.5-10 µm) is much smaller than
the diameter of the probe beam (≈ 75 µm), which in turn is much smaller
than the entire applied grating pattern (≈ 150 µm). It is therefore assumed
that the temperature distribution within the probed area is periodic in
space, i.e. T (x) = T (x+Λ). This means that if the distribution of tem-
perature is known within one grating period, it is known within the entire
probed area.

The temperature profiles, since they are periodic in nature, contain
two symmetry-axes per grating period, namely at every temperature max-
imum and at every temperature minimum. It is possible to ‘cut’ the sim-
ulated sample at every symmetry axis, without loss of information. At
these maxima and minima, the temperature gradient is pointing along the
z-axis, i.e. heat at these locations will not move transversely but only into
the sample thickness. Since no thermal energy will be exchanged between
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two points separated by symmetry axis, it is unnecessary to simulate be-
yond any of these symmetry axes. A prerequisite is however that at the
boundaries of the sample either a minimum or a maximum is located. The
most efficient model is then to model half a grating period, starting at a
minimum and ending at a maximum (or vice versa).

Little heat travels to the backside of the SLG and MgO substrates within
the time-frame of the experiment (8 ns). A substrate thickness of 1 µmwas
chosen as it led to sufficiently short computation times while avoiding sig-
nificant energy build-up at the backside of the substrate.

A mesh has to be created to define the coordinates at which the tem-
perature is calculated by the software. The (triangular) mesh used for the
structure is shown in Figure 4.4. The magnetic film was meshed more
finely than the inner regions of the substrate, as we are more interested in
the temperature distributions inside the film. At a later stage, the temper-
atures inside the film are used to calculate the magnetization dynamics. It
can be noticed that the upper and lower boundary in the figure are meshed
finely as well. This has no significance, and is due to the manner in which
COMSOL defines the nodal points.

4.4.2 Initial Temperature Distribution

The pump pulses travelling in the z-direction create a sinusoidal tem-
perature grating on the sample with the wavevector k pointing in the
x-direction. In the z-direction the temperature profile assumes the ex-
ponential form as shown in Figure 4.1. The full thermal profile at t = 0
can therefore be written as

T (x,z) = (Tmax − Tamb) e−z/α sin2
(πx
Λ

)
+ Tamb, (4.2)

where Tmax is the temperature at a hot spot at the surface, Tamb is the am-
bient temperature, and α = 9.13 ± 0.01 nm.

The value for Tmax can be calculated when the fluence profile F is
known. The pump beam is assumed to have a Gaussian cross-section pro-
file:

F = F0 e
x2

2σ2
x
+

y2

2σ2
y (4.3)

where σx and σy are the Gaussian RMS width in the x- and y-direction
respectively. The probe beam, being significantly smaller than the pump,
is positioned in the middle of the pump beam, and so probes the spot
where the fluence attains its maximum, i.e. where F ≈ F0. The simulation
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therefore assumes a constant fluence equal to F0. The total pump pulse
energy is equal to the integral of the fluence over all space. F0 can be
calculated with the use of the following identity of Gaussian functions:

Epump =

∞∫
-∞

∞∫
-∞

F dxdy = F0 2π σ1σ2, (4.4)

and so

F0 =
Epump

2πσ1σ2
. (4.5)

Epump varies per experiment, and is measured experimentally using a
power meter, taking into account the pulse repetition rate of the laser.
The values σ1 and σ2 of the pump pulse area were determined once by
taking a photograph of the pump beam with a CCD camera and fitting the
measured light intensity on the sensor with a 2D-Gaussian. This method
provided values of σ1 = 165.81± 0.04µm and σ2 = 122.67± 0.03µm.

If it is assumed that all pump energy is deposited into the film, so that
there is no transmission, Tmax can be determined by recognizing that the
following equation must hold for the heat energy Egrat across one grating
period:

Egrat = (1−R)F0Λy+ ρCpTambΛyd

= ρCpy

d∫
0

Λ∫
0

(
(Tmax − Tamb) e−z/α sin2

(πx
Λ

)
+ Tamb

)
dxdz,

(4.6)

where R is the reflectivity of the nickel film and d the film thickness. For
a nickel film with thicknesses in the range that is used for the experiments
(40-80 nm) this is a reasonable approximation - a nickel film of 40 nm
has an internal transmission of 0.05 [35]. Taking (multiple) reflections
into account further reduces the net transmission. The current model is
therefore however not suitable for very thin nickel films, in which case
it would be more appropriate to expand the model to incorporate light
transmission.

Evaluation of the integral in equation 4.6 yields

Egrat = −αρCpy(Tmax − Tamb)
[
e−

d
α

]d
0

[x
2
−
Λsin(2πx

Λ
)

4π

]Λ
0
+ TambdΛ. (4.7)
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Equating expressions 4.6 and 4.7, Tmax becomes

Tmax =
2(1−R)F0

αρCp[1− e−
d
α ]

+ Tamb. (4.8)

The initial temperature distribution is found by substituting the result for
Tmax into equation 4.2.

4.4.3 Physics Applied to the Model

The temperature dynamics are calculated by COMSOL Multiphysics® us-
ing the following form of the time-dependent partial differential heat equa-
tion:

ρCp
dT
dt

= ∇ · (k∇T ) +Q. (4.9)

T is defined by 4.2, the values used for ρ,Cp and k are shown in Table
4.1. The heat equation is evaluated at the nodes of the mesh up to 8 ns -
the experimental time window - with a time step of ∆t = 5 ps, resulting in
a total computational time of approximately 2 minutes.

Kapitza resistance is also incorporated for the case of the MgO sub-
strate. A value of 3·10−9K2/W was used, as determined in Section 4.3.
RKap was found to be negligible for nickel on SLG samples.

In a time span of 8 ns no significant heat flux from the sample into
the air is assumed, and is therefore not taken into account by the current
model. Heat energy loss into the environment could be incorporated for
more accuracy, in which case the Kapitza resistance between nickel and
air should be determined as well.

4.5 Determination of Magnetization Dynamics
and Magnetooptic Sensitivity

The values of Mz in the standing spin wave are modulated by a (spatial)
cosine (see Figure 3.5a). This cosine is of the form

Mz(x, t) =Mz,0 cos
(2πx
Λ

)
e−iωt (4.10)

The amplitude is however also modulated due to the thermal profile.
The magnetization amplitude at every (x,z,t)-coordinate is calculated by
multiplying by a factor of m(x, t) =M(x, t)/Ms. This factor m modulates
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all components ofM, including the out-of-planeMz-component. Combin-
ing the thermal effects and the spatially periodic modulation, the complete
Mz-profile can therefore be written as

Mz(x, t) =Mz,0m(x, t)cos
(2πx
Λ

)
e−iωt. (4.11)

The Faraday detection scheme is sensitive to <Mz(t) >, which equals
all Mz-values integrated over a full grating period. Its size relative to the
actual Mz-value is then given by

η =
<Mz(t)>

Mz,0
= e−iωt

Λ∫
0

m(x, t)cos
(2πx
Λ

)
dx (4.12)

The importance of η is that it represents the magnetooptical sensitivity,
also called the ‘magnetooptical contrast’ or simply ‘contrast’ throughout
this report. If η = 0.1 at a certain point in time, it means that the value
<Mz(t)> measured experimentally is a factor of 10 lower than the actual
(‘real’) value of Mz. To retrieve the true Mz-value, the measured <Mz(t)>-
value should then simply be multiplied by a factor of 10 (i.e. divided by
η).

The value η is obtained using Matlab in three steps. Firstly, the ab-
solute temperatures obtained during the COMSOL simulations are con-
verted into reduced magnetization amplitudes Mz/Mz,s at every (x,z, t)-
coordinate, with the use of the curve shown in Figure 3.6. Secondly, the
reduced magnetization amplitudes are multiplied by a cosine as shown in
Figure 3.5a. Lastly, the resulting values of Mz are averaged to arrive at the
value of <Mz(t)>. A contrast curve η(t) is generated by calculating η at
every point in time.

The careful reader may have noted that the factor e−iωt is omitted. To
simplify the procedure, and because the temporal frequency ω and phase
are not apriori known precisely, the factor e−iωt is set to unity, i.e. the
absolute value is used. During the experiment, <Mz(t)> is modulated by
e−iωt, and as a result, these oscillations are not taken into account using
the described procedure.
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4.6 Results: Temperature, Magnetization and Con-
trast Dynamics

4.6.1 Discussion of an Exemplary Result

For illustration purposes, this subsection provides a typical result from
the COMSOL Multiphysics® simulations and subsequent post-processing
in Matlab, by means of a sample dataset (nickel film thickness d = 40 nm
on SLG, fluence F0 = 3.5 mJ/cm2, grating wavelength Λ = 1.1 µm).

Figure 4.5 shows the result of the COMSOL simulation steps for the
sample dataset at three different points in time (left-hand subfigures),
together with their conversion into reduced magnetization values (right-
hand subfigures). The temperature is shown up to a depth of 160 nm (i.e.
the film of 40 nm plus 120 nm of the glass substrate), while the magne-
tization distributions are shown only for the nickel film (up to 40 nm) as
the substrate is nonmagnetic. The magnetization phase is not incorpo-
rated yet into this figure. Also note that the color scale bars are different
for each panel. A short discussion for each of the three time slices follows
below.

t = 0 ps

The largest temperatures at this initial time are located close to the outer
nickel film surface and at the ‘hot’ spot. The maximum temperature for
this simulation is 1290 K , significantly larger than the Curie temperature
(Tc = 627 K). This is reflected in the magnetization distribution: a siz-
able part of the film is completely demagnetized. The sharp edge of the
curve shown in Figure 3.6 causes a distinct rapid increase of magnetiza-
tion just outside the demagnetized region. Using higher fluences, temper-
atures may reach values exceeding the 1728 K nickel melting point. The
significance of this is not explored in this thesis.

t = 35 ps

Within the first 35 ps the temperature has almost completely equilibrated
along the sample thickness. Lateral diffusion up to this point is less pro-
nounced since the length scales involved are much larger than the film
thickness (Λ = 1.1 µm compared to d = 40 nm). Almost no temperature
increase of the substrate has occurred due to the significantly smaller ther-
mal conductivity of SLG than nickel (see Table 4.1).
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Figure 4.5: Calculation of the time-dependent magnetic contrast requires a de-
tailed knowledge of the temperature dynamics and the resulting magnetization
amplitude. Panels (a) - (c) show the distributions of temperature at three different
times, t = 0 ps, 35 ps, and 4 ns. The initial distribution (t = 0 ps) shows the ther-
mal profile after electron-phonon equilibration according to the two-temperature
model (typically <2 ps after pump pulse excitation), while subsequent thermal
diffusion is calculated using COMSOL Multiphysics® simulations. Note that the
horizontal and vertical length scales have different units. Panels (d) - (f) show the
corresponding spatial distributions of the reduced magnetization M/Ms, calcu-
lated using Matlab, where unity represents the magnetization at T = 0 K . Fluence
F0 = 3.5 mJ/cm2, film thickness d = 40 nm, grating wavelength Λ = 1.1 µm. For
an animated representation of the full temperature and magnetization dynamics
at two different fluences, please visit [36] and [37].
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Furthermore, within these initial 35 ps the maximum temperature has
dropped below Tc and is now equal to 532 K . As a consequence there are
no fully demagnetized regions. The lowest value for the reduced magne-
tization is now M/Ms = 0.62. This dramatic difference from the initial
magnetization distribution is (again) due to the sharp edge in Figure 3.6.

t = 4 ns

Lateral diffusion and heat flow into the substrate have become significant
within the first few nanoseconds. The temperature difference between
the hot and cold spots in the nickel film has dropped below 15 K , with a
maximum temperature of 378 K . The magnetization profile has become
significantly more uniform, with a difference of less than 0.02 between the
most demagnetized and least demagnetized regions.

The contrast curve η is obtained by multiplying the magnetization dis-
tribution with the cosine function to account for the phase, and subse-
quently calculating the average value (see Section 4.5 for more details on
the procedure). The contrast curve shown in Figure 4.6 was generated by
doing this for every time slice of the simulation.

Figure 4.6: Contrast curve for the sample dataset. At early times, demagnetiza-
tion of the hots spot gives rise to magnetooptical sensitivity: at t = 0, η ≈ 0.1,
which means that the measuredMz amplitude is a factor 10 lower than the actual
Mz amplitude. Subsequent lateral diffusion and overall cooling of the sample
reduces the difference in magnetization between the hot and cold spots, thereby
decreasing the contrast.
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Even though the shape of the contrast curve highly depends on the var-
ious parameter, as we shall see in Sections 4.6.2-4.6.2, it is still appropriate
to discuss some general features.

It can be noted that η is generally quite low. The lower the value of η,
the less visible Mz is experimentally. In this specific contrast curve, the
sensitivity to Mz,0 starts at a value of η = 0.094, i.e. the experimentally
measured Mz amplitude is 9.4 % of the actual, ‘real’, Mz amplitude. The
theoretical maximum sensitivity is attained in the hypothetical case of a
fully demagnetized hot region and a fully magnetized cold region (or vice
versa), so that there is no mixture of positive and negative Mz values. By
integrating over a full grating period Λ, one then arrives at a theoretical
upper limit of ηmax = 1/π ≈ 0.31.

The contrast curve can be roughly divided in two stages. The first stage
takes up the times from t = 0 to t ≈ 35 ps, and so is barely visible in the 8 ns
window. This stage is dominated by the quick temperature equilibration
across the nickel film. These fast changes are accompanied by changes in
magnetization, causing a fast jump in η in this early time period.

The second stage starts once the temperature has equilibrated across
the thin film, i.e. at t & 35 ps. It is dominated by the lateral heat diffusion
in the film and heat dissipation into the substrate. This process takes more
time in general and results in slower changes in η. Eventually, as t → ∞,
the initial hot and cold spots attain a temperature equilibrium, and there
is no contrast left (η = 0).

The Faraday time traces can be corrected by dividing every value of
the curve by the corresponding value η on the contrast curve. A resulting
corrected time trace of an SSLW-resonant Faraday measurement is shown
in Figure 4.7.

The original and corrected curve exhibit a few differences, the most
obvious being the much larger amplitudes. This is due the small values of
η, especially at later times. Additionally, in the original data set the spin
wave seems to reach its maximum amplitude at t ≈ 0.6 ns, whereas the
corrected curve shows amplitude growth up to t ≈ 1.0 ns. Furthermore,
the subsequent decay occurs much faster for the original data than the cor-
rected data. Although the data set originally extended to 8 ns, the graph
only shows the first 4 ns due to increases in noise levels at later times.

Calculation of Precessional Angle

The corrected time trace provides an opportunity to estimate the preces-
sional angle of the standing spin wave. The curve attains its largest ab-
solute value for the Faraday rotation at time t = 1.00 ns with a corrected
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Figure 4.7: The corrected curve (black) calculated from the original Faraday data
set resonant with the SSLW excitation (red). The original curve is multiplied by a
factor of 15 for visibility.

polarization rotation of θ = 247 mdeg. The corresponding magnitude of
Mz,0 at this point can be calculated using Equation 3.5 with K = 4.0 ·
1011mdeg ·m−1 ·T−1[38] :

Mz,0 =
θ
Kd

=
247

4.0 · 1011 · 40 · 10−9
= 0.015 T (4.13)

Using a saturation magnetization of Ms = 0.051 T [38] an estimation
of the precessional angle α can be made:

α = arcsin
(Mz,0

Ms

)
= arcsin

(0.015
0.051

)
= 17 deg. (4.14)

Since thin films exhibit an in-plane easy magnetization axis, the pre-
cessional motion is elliptical rather than circular, with the major axis of
the ellipse parallel to the film. The angle calculated above is based on
the out-of-plane magnetization, and gives therefore an estimation of the
(smaller) out-of-plane magnetization precession angle. The error in the
calculated value of α is difficult to determine as it relies on complex com-
puter simulations with various assumptions, and therefore the obtained
angle should be verified via a different route. Transducer-based elastically
driven magnetic wave have reported precessional angles all the way up to
180◦ [39]. Compared to this, the spin waves in our film precess at a rather
modest angle. Optically excited picosecond acoustic pulses, however, have
been reported in the literature to drive magnetization precession angles in
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the order of ≈ 0.1◦ [14]. The transient grating geometry therefore greatly
enhances the precessional reach of optically-based magnetoelastic gener-
ation of spin waves.

4.6.2 Influence of Fluence, Film Thickness, Grating Wave-
length, and Substrate Material on Magnetooptic Sen-
sitivity

Fluence Dependence

The shape of the contrast curves is highly dependent on fluence (F0). Fig-
ures 4.8a,b show the results of contrast dynamics with varying fluence
while keeping all other parameters constant during the simulations. Fig-
ure 4.8c depicts the temperature at the hot spots (x = 0.5Λ) and cold spots
(x = 0) for three selected fluences, averaged over the film thickness d.

The value of η depends on the contrast (or difference) between the
magnetization at the cold spots and the hot spots. For low fluences, such
as 0.5 mJ/cm2, the hot spots do not come close to the Curie Temperature
Tc. No significant demagnetization occurs in the sample and therefore the
contrast is very small.

For a fluence of 2.5 mJ/cm2 the initial temperature at the hot spot is
large enough to cause a contrast of η = 0.07. The maximum temperature
at t = 0 for this fluence is 980 K , significantly larger than Tc. Tempera-
ture equilibration across the thickness of the film reduces this maximum
temperature to 456 K within the first ≈ 35 ps. Magnetization of the hot
spot increases rapidly as its temperature drops below Tc (see Figure 3.6),
reducing the contrast.

At 5.0 mJ/cm2 the maximum temperature remains above Tc even after
equilibration across the film thickness. At t = 0 the part of the film close
the surface is heated up to a temperature of 1662 K . At t = 35 ps the heat
has distributed across the thickness, leaving an average temperature of
627.2 K , just above Tc. The resulting decrease of magnetization at the hot
spots results in an initial upward jump in contrast. Following these early
dynamics is lateral diffusion and diffusion into the substrate. Evidence of
lateral diffusion can be seen Figure 4.8c by observing that the difference
in temperature between the hot and cold spots is reducing over time, i.e.
the temperatures approach each other. Diffusion into the substrate results
in an overall cooling of the nickel film which is also visible in the figure.
The cooling of the sample combined with the lateral diffusion results in
remagnetization of the hot region, accompanied by a gradual decrease in
contrast.
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Figure 4.8: (a) and (b): Contrast curves for various fluences (split over two pan-
els for clarity). The corresponding temperature dynamics are shown for three
selected fluences in panel (c). Each fluence is represented by two film tempera-
ture curves: the temperature at the ‘hot’ spot (downward curves) and ‘cold’ spot
(starting at room temperature at t = 0), averaged over the film thickness. Film
thickness d = 40 nm, grating wavelength Λ = 1.1 µm, SLG substrate.
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Higher fluences of up to 12.5 mJ/cm2 are characterized by contrast
curves similar in shape to the F0 = 5.0 mJ/cm2 curve. The contrast is
larger because a larger portion of the hot region (between x = 0.25Λ and
x = 0.75Λ, see Figure 3.5) is completely demagnetized. A formation of
a ‘shoulder’ can be observed in the contrast curves. The point where η
reduces the fastest, at the inflection point, corresponds to the moment at
which the maximum temperature (of the hot spot) passes through Tc and
the hot region remagnetizes.

Above F0 = 12.5 mJ/cm2 the contrast curves become more complex,
containing two inflection points. For 15 mJ/cm2 and above the formation
of a distinct ‘bump’ becomes evident. This fluence regime is characterized
by cold spot temperatures approaching or exceeding Tc. A discussion of
the various stages of contrast curves of this type is appropriate. The ini-
tial equilibration results in lowered values of η for increasing fluence. The
reason for this is that not only the hot region is demagnetized, but also the
cold regions become partially demagnetized. This reduces the contrast be-
tween the two regions, compared to the lower fluences. Subsequent lateral
diffusion heats the cold region and demagnetizes it even further, decreas-
ing the contrast. Ongoing cooling of the film due to diffusion into the
substrate causes the heating of the cold region to slow down. The cold
region reaches a maximum temperature of 607 K for F0 = 17.5 mJ/cm2

(green curves) at t ≈ 3 ns. After this time the cold region remagnetizes as
it becomes colder again, while the hot region remains in a demagnetized
state. This causes an increase in contrast, resulting in the formation of a
‘bump’. At t ≈ 5.5 ns the maximum temperature of the hot region drops
below Tc and quickly remagnetizes as well. After this point, the contrast
curve develops in much the same way as the lower fluence cases, charac-
terised by a gradual decrease of η.

In the high-fluence regime - F0 >17.5 mJ/cm2 - the coldest points of
the film reach temperatures surpassing the Curie temperature at certain
times. The film is then entirely demagnetized, and η = 0, as there is noth-
ing to measure. The blue curves in Figure 4.8 show the dynamics of F0 =
25.0 mJ/cm2. A nonzero contrast exists until the temperature of the cold
region grows larger than Tc at t ≈ 1 ns, after which η = 0. Once the tem-
perature of the cold spot drops below Tc, a sudden increase in η results,
visible for example at t ≈ 7 ns for the 20.0 mJ/cm2 curve. For F0 = 25
mJ/cm2 this event does not occur within the time window of 8 ns.

The fluence dependence confirms what was already noticed during the
experiments, namely that the pump intensity has to be chosen carefully in
order to measure the largest signals. Even though the simulations provide
a way to correct the measured data, the signal, and therefore η, should
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always be maximized during the experiment in order to reduce the signal-
to-noise ratio. For example, a fluence in the range of F0 10.0 - 15.0mJ/cm2

is advised for nickel samples on an SLG substrate with a film thickness of
d = 40 nm and a grating wavelength of Λ = 1.1 µm, as it leads to the largest
overall values of η.

Film Thickness Dependence
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Figure 4.9: Thickness dependence. Panel (a) shows contrast curves for vari-
ous film thicknesses. The corresponding temperature dynamics are shown for
three selected thicknesses in panel (b), each represented by two film tempera-
ture curves: the temperature at the ‘hot’ spot (downward curves) and ‘cold’ spot
(upward curves starting from room temperature at t = 0), averaged over the film
thickness. Fluence F0 = 5.0 mJ/cm2, grating wavelength Λ = 1.1 µm, SLG sub-
strate.
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Figure 4.9a,b shows the contrast curves and temperature dynamics for
nickel film thicknesses varying from d = 20 nm to 80 nm. The film thick-
ness determines the amount of nickel in which the pump pulse energy
is deposited. This affects the temperature after the initial equilibration
across the film thickness. The energy per nickel volume unit is larger for
thin films, resulting in a larger initial rise in temperature at the hot spots,
see Figure 4.9b. The initial temperature increase is inversely proportional
to film thickness. The hot spot is heated by ∆T ≈ 170 K for an 80 nm film
using a fluence of 10 mJ/cm2. Decreasing the thickness by a factor of two
to 40 nm doubles this to ∆T ≈ 340 K .

This film thickness dependence of maximum temperatures affects the
contrast dynamics in a similar fashion as the fluence dependence: both a
doubling of fluence as a halving of film thickness doubles the initial rise
in temperature. The main difference is that a doubling in fluence doubles
the energy, so that the diffusion into the substrate takes longer compared
to the halving of the nickel film, so that, in the former, the attained con-
trast persists for longer time scales. This can be observed by comparing
the wider ‘shoulder’ in the 10 mJ/cm2 curve in Figure 4.8a to the thinner
shoulder in the 20 nm curve in Figure 4.9. The former accounts for a dou-
bling in fluence as compared to the 5 mJ/cm2 - 40 nm case, whereas the
latter accounts for a reduction in thickness by as factor of 2.

Grating Wavelength Dependence

The grating wavelength Λ determines the distance between the hot and
cold regions. The smaller the wavelength, the faster lateral temperature
equilibration occurs. Figure 4.10b shows that the minimum and maxi-
mum temperature approach each other faster for smaller Λ, despite equal
temperatures at t = 0 for all wavelengths. The temperature gap largely
determines the contrast η, and therefore the contrast persists for longer
for larger Λ. Comparing Figures 4.9 and 4.10 it can be observed that film
thickness mostly impacts early contrast dynamics, whereas grating wave-
length impacts later contrast dynamics.

Substrate Dependence: SLG versus MgO

Lastly, a comparison is made between MgO and SLG as substrate materi-
als. Table 4.1 shows that MgO has a significantly larger thermal conductiv-
ity than SLG (over 50 times larger). However, it was also shown in Section
4.3 that the interface between MgO and nickel has a nonzero Kapitza re-
sistance. It can be seen in Figure 4.11 that cooling of the nickel film occurs
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Figure 4.10: Grating wavelength dependence. Panel (a) shows contrast curves
for grating wavelengths Λ varying from 0.55 to 3.3 µm. The corresponding tem-
perature dynamics are shown for three selected thicknesses in panel (b), each
represented by two film temperature curves: the temperature at the ‘hot’ spot
(downward curves) and ‘cold’ spot (upward curves starting at room temperature
at t = 0), averaged over the film thickness. For small values of Λ, the temperature
gap closes quickly due to fast lateral equilibration, resulting in quickly reduc-
ing contrast curves. Fluence F0 = 5.0 mJ/cm2, film thickness d = 40 nm, SLG
substrate.
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Figure 4.11: Substrate dependence. Panel (a) shows contrast curves for two sub-
strates, SLG and MgO, at two different fluences. The corresponding temperature
dynamics are shown for one of the fluences in panel (b), each case represented
by two film temperature curves: the temperature at the ‘hot’ spot (downward
curves) and ‘cold’ spot (starting at room temperature at t = 0), averaged over the
film thickness. The larger heat conductivity of MgO results in faster cooling of the
nickel film despite the nonzero thermal boundary resistance, resulting in quicker
magnetization and contrast dynamics. Fluence F0 = 5.0mJ/cm2, film thickness d
= 40 nm, grating wavelength Λ = 1.1 µm. Thermal boundary resistance for MgO
curves: 3.0 · 10−9K·m2/W .
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much quicker using MgO substrates than SLG substrates. It can therefore
be concluded that for MgO the difference in thermal conductivity has a
stronger effect than the boundary resistance in terms of the heat flux from
the nickel film to the substrate.

The faster cooling of the nickel film for MgO results in quicker contrast
dynamics. The hot regions remagnetize faster, and therefore the contrast
reduces faster for MgO than for SLG substrates. Magnetization precession
will therefore be visible for longer time scales using SLG. Experimentally,
SLG is therefore in most cases a better substrate material than MgO in the
transient grating setup in terms of Faraday measurement sensitivity.

4.6.3 Correction of Experimental Fluence Dependences

Knowing how the shape of the contrast curves changes as a function of flu-
ence, grating wavelengths and film thickness allows us to quickly uncover
the magnetization dynamics of complete experimental data sets. Figure
4.12 shows three fluence dependences before (left-hand subfigures) and
after (right-hand subfigures) correction, at two differrent gratings wave-
lengths Λ. The data sets remain in the low-fluence regime throughout,
meaning that the contrast curves do not show ‘bumps’, and complete de-
magnetization does not occur.

In the raw (background-subtracted) experimental data, precession am-
plitudes increase when the fluence increases (leaving other parameters
constant). For corrected data, this is not necessarily the case. Subfigures
(a) and (c) show fluence dependences at Λ = 1.1 µm where the magnetic
field is tuned to SAW and SSLW resonance respectively. The corrected
counterparts - subfigures (b) and (d) - reveal that at these experimen-
tal conditions, the amplitude of the magnetic wave is actually fluence-
independent in this fluence regime. This could imply that the amplitude
of the magnetic wave is saturated already at very low fluence values. For
Λ = 1.3 µm (at SSLW resonance, subfigure (e)), the picture is more com-
plex. Even though the experimental data shows a dramatic increase in
amplitude when the fluence is increased, the corrected curves show that
the amplitude actually goes down after an initial increase, with a maxi-
mum amplitude at approximately 0.6 mJ/cm2. This result shows that the
fluence dependence of the magnetic wave amplitude does not behave in
the same way for every grating wavelength, as well as that the amplitude
is grating-dependent.

From the uncorrected data it is already evident that the SAWs have
longer lifetimes than SSLWs, as expected (see Section 3.1.1). This becomes
even more apparent after correction of the magnetic waves. Whereas the

50

Version of August 10, 2016– Created August 10, 2016 - 05:15



4.6 Results: Temperature, Magnetization and Contrast Dynamics 51

0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0

0

100

200

300

400

500

600
 0,39 mJ/cm2

 0,63 mJ/cm2

 2,0 mJ/cm2

 3,0 mJ/cm2

 4,1 mJ/cm2

 6,7 mJ/cm2

 
 

Co
rre

ct
ed

 F
ar

ad
ay

 In
te

ns
ity

 (a
.u

.)

Time (ns)
0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0

-1

0

1

2

3

4

5

6

 

 

No
rm

al
ize

d 
Fa

ra
da

y 
In

te
ns

ity
 (a

.u
.)

Time (ns)

 0,39 mJ/cm2

 0,63 mJ/cm2

 2,0 mJ/cm2

 3,0 mJ/cm2

 4,1 mJ/cm2

 6,7 mJ/cm2

0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0

0

20

40

60

80

100
 2.5 mJ/cm2

 4.1 mJ/cm2

 5.5 mJ/cm2

 6.9 mJ/cm2

 8.4 mJ/cm2

 

 

Co
rre

ct
ed

 F
ar

ad
ay

 In
te

ns
ity

 (a
.u

.)

Time (ns)
0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0

-1

0

1

2

3

4

5
 2.5 mJ/cm2

 4.1 mJ/cm2

 5.5 mJ/cm2

 6.9 mJ/cm2

 8.4 mJ/cm2

 

 

No
rm

al
ize

d 
Fa

ra
da

y 
In

te
ns

ity
 (a

.u
.)

Time (ns)

0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0

0

20

40

60

80

100

 

 

Co
rre

ct
ed

 F
ar

ad
ay

 In
te

ns
ity

 (a
.u

.)

Time (ns)

 2.5 mJ/cm2

 4.1 mJ/cm2

 5.5 mJ/cm2

 6.9 mJ/cm2

 8.4 mJ/cm2

a b 

c d 

e f 

0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0
-1

0

1

2

3

4

5
 2.5 mJ/cm2

 4.1 mJ/cm2

 5.5 mJ/cm2

 6.9 mJ/cm2

 8.4 mJ/cm2

 

 

No
rm

al
ize

d 
Fa

ra
da

y 
In

te
ns

ity
 (a

.u
.)

Time (ns)

SAW, 1.1 µm 

SSLW, 1.1 µm 

SSLW, 1.3 µm 

SAW, 1.1 µm, corrected  

SSLW, 1.1 µm, corrected  

SSLW, 1.3 µm, corrected  

Figure 4.12: Experimental data before (left-hand subfigures) and after (right-
hand subfigures) correction using contrast curves. Data consists of fluence de-
pendences on a nickel sample of thickness d = 60 nm, using grating wavelengths
Λ = 1.1 µm and 1.3 µm at both SAW- and SSLW-resonant fields.
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resonance due to the SSLWs begins to decrease in amplitude after 1.5 ns,
the SAW-induced resonances are observed to increase throughout the 4 ns
time window.

4.7 Conclusion and Outlook

The temperature simulations provide a tool to estimate time-resolved mag-
netic sensitivity during Faraday rotation measurements in the transient
grating setup. The contrast curves can be used to evaluate and correct
time traces, and enable the experimenter to select the appropriate grating
wavelength, fluence, film thickness, and substrate material in order to op-
timize signal amplitudes for performing measurements. The method of
obtaining the contrast curves involves some assumptions, making it diffi-
cult to determine their accuracy. For this reason, the author recommends
performing Faraday rotation measurements at both SAW and SSLW reso-
nant applied fields using different values for grating wavelength and flu-
ence, and using multiple samples with varying film thicknesses and sub-
strate materials. The accuracy of the contrast curves can then be evaluated
by correcting time traces using the appropriate η-curves. The resulting
corrected curves should show consistent behavior for both the long-living
SAW and the highly damped SSLW oscillation amplitudes across the entire
dataset. The methods of time-trace correction has lead to an estimation of
the precessional angle of ≈ 17◦. To test its accuracy the author recom-
mends that the angle is determined via a different route as well. Possible
techniques suitable to this end include device fabrication and subsequent
inverse spin Hall effect measurements, and theoretical magnetoelastic cal-
culations/simulations.
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Chapter 5
Magnetoelastic Dynamics in
Strongly Magnetostrictive Terfenol

5.1 Introduction

Previous chapters of this thesis emphasized spectroscopy on nickel. This
chapter reports on the initial data acquired on Terfenol in the transient
grating setup. Terfenol is a ferromagnetic material with structural for-
mula T bFe2. It is a special case of T bxDy1−xFe2, or ‘Terfenol-D’, a class
of materials developed and designed by the Naval Ordnance Laboratory
(NOL) in the 70s [40] (The name Terfenol-D is an acronym of T erbium,
iron (Fe), ‘NOL’, and Dysprosium). Terfenol shows the largest magne-
tostriction at room temperature of any material, with magnetostrictive
coefficients (strain values) reported of λ = 2450 ppm (along the [111]-
direction) [41]. This makes Terfenol an interesting material to study in
the TG setup. This chapter reports on the results of this study, although it
is emphasized that the measurements and interpretation of the results are
still in progress.

5.2 Results

The studied sample was created and provided by A. Hillion, V. Polewczyk,
S. Andrieu, G. Malinowski, and K. Dumesnil from the Institut Jean Lam-
our of Université de Lorraine, and M. Anane from Unité Mixte de Physique
CNRS/Thales, and consists of the following four layers: 1) a sapphire sub-
strate with crystallographic orientation (11 − 20) , 2) a 50 nm Nb buffer
layer, 3) a 50 nm Terfenol (T bFe2) layer with crystallographic orienta-
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tion (110), 4) a 250 nm SiO2 (silica) capping layer. The direction of the
crystallographic vectors in the sample are yet unknown for all three crys-
talline layers of the sample. The creators of the sample have reported an
out-of-plane magnetization component as well as in-plane magnetization
isotropy, with corresponding coercive fields close to 1 T , exceeding the
capabilities of the magnet employed in our experimental setup. Measure-
ments were performed in the transient grating setup as depicted in Figure
2.3. Both the transmission TG diffraction signal as the Faraday rotation
signal show anomalous behavior.

5.2.1 Faraday Rotation
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Figure 5.1: Faraday intensity for Terfenol. Panel (a) shows time traces as a func-
tion of applied in-plane magnetic field. Although the time axis extends only to
0.6 ns for visibility, data was taken up to 2.5 ns. The field goes from 55 G (rem-
nant magnetization of the magnet) to 6057 G in steps of ≈ 100 G. Panel (b) shows
the corresponding FFT spectra after background subtraction, along with the FMR
curve in red. Λ = 2.9 µm.

Figure 5.1 shows the Faraday rotation response of Terfenol as a func-
tion of magnetic field strength. There are a few key differences compared
to the (noncrystalline) nickel samples that were discussed in the previ-
ous chapters; see Figure 3.4 for the analogous FFT spectrum of a 40 nm
nickel on SLG sample. Nickel shows FMR oscillations that can be fitted
well using equation 3.3. The Terfenol sample shows FMR oscillations as
well, however, the FMR curve does not intersect with the origin but rather
at a finite magnetic field of ≈ 1700 G, signaling a high level of magnetic
anisotropy. Whereas the nickel film shows FMR oscillations at large am-
plitudes only at the intersection with acoustic mode frequencies, the Ter-
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5.2 Results 55

fenol sample seems to have no such resonance events but rather gradually
increases and decreases in amplitude, with a maximum amplitude occur-
ring at around ≈ 4000 G. The field of 6057 G was the maximum attainable
field strength for the magnet, and so the (FMR) behavior at field beyond
this value is uncertain. Similar FMR behavior is also observed using a sin-
gle pump excitation rather than the grating excitation, which shows that
the FMR is grating-independent.
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Figure 5.2: Faraday rotation amplitude for Terfenol as a function of pump inten-
sity for both TG excitation (top panels) and single pump pulse excitation (bottom
panels). Panel (a) and (c) show background-subtracted time traces as a function
of pump intensity. Although the time axis extends only to 0.5 ns for visibility,
data was taken up to 2.5 ns. Panels (b) and (d) show the corresponding FFT spec-
tra. Applied field H = 6057 G, Λ = 2.0 µm for the double-pump (TG) scan.

Two field-independent frequency ‘bands’ can be observed in the FFT
spectrum as well. At the lower end of the frequency spectrum a band is
present at around ≈ 1 GHz. A second band is present at ≈ 50 GHz. The
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latter appears broadened due to undersampling in the time domain for
t> 0.4 ns in order to reduce the measurement time. The origin of both
the high and low frequency response is uncertain, although their field-
independent behavior possibly reflects acoustic degrees of freedom rather
than dynamics in the magnetization of the sample. The lower band does
not seem to correspond to the SAW seen in the TG diffraction channel,
which is observed at a slightly higher frequency.

A dependence of the Faraday response to the pump intensity was also
performed, both for TG excitation as well as for single pump excitation. In
Figure 5.2, it can be seen that increasing TG pump power not only results
in larger Faraday amplitudes, but also results in an increase in FMR fre-
quency. For single pump excitation, the FMR frequency seems to remain
constant when the fluence is varied, although the frequency trend is not
known above 8 mW (the maximum single pump excitation power).

5.2.2 Transmission TG Diffraction
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Figure 5.3: Frequency spectra of transmission TG diffraction intensity for (a)
nickel and (b) Terfenol, after background subtraction. Grating wavelength Λ =
2.0 µm for nickel and Λ = 2.9 µm for Terfenol. SAW and SSLW acoustic modes
are shown as white dashed lines. The FMR curve for Terfenol is shown as the red
solid line, and is identical to the curve in Figure 5.1b. The TG diffraction signal
for nickel is not dependent on applied magnetic field. For Terfenol the spectrum
shows many field-dependent features such as the presence of FMR frequencies
and beating in the acoustic modes.

The acoustic waves are field-independent for nickel, and so TG diffrac-
tion time traces and their Fourier Transforms are identical at every field,
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as can be seen in Figure 5.3a. Our study on Terfenol reveals acoustic sen-
sitivity to the applied field, in stark contrast to the nickel samples. Figure
5.3b shows Fourier Transforms of transmission TG diffraction time traces
as a function of magnetic field. The first deviation from the ‘usual’ spectra
seen in nickel, is the feature that the intensity due to diffraction from the
SAW and SSLW acoustic modes oscillates as a function of field. The re-
producible pattern is very periodic and has a oscillation period of approx-
imately 1300 G. The relative SSLW amplitude as compared to the SAW
amplitude depends on the orientation of the sample during the experi-
ments. The phase of the beating pattern in the TG arm is not constant over
multiple data sets; even zero-field time traces do not consistently show ei-
ther oscillations or absence of oscillations. The beating in the fingerprint
of the acoustic waves is significant as it implies that the magnetic state of
the sample couples back to the acoustic modes. The beating pattern is un-
explained as of yet, but possibilities include interference between acoustic
and magnetic waves, and strain-induced quenching of the acoustic waves
due to the large magnetoelasticity.

Figure 5.4 shows a subset of the transmission TG diffraction time traces.
The curves are fitted using a simple sine wave function to extract the fre-
quency, amplitude, and phase as a function of applied field. These fitting
components are plotted in Figure 5.5 for the entire data set. The frequency
remains approximately constant and corresponds to the SAW frequency.
The largest deviations correspond to small amplitudes, reducing the relia-
bility of these fits. The amplitude oscillates in field, reflecting the beating
pattern that was already visible in the FFT spectrum (Figure 5.3b). The
phase, a quantity not visible in the FFT plot, also shows oscillations with
a similar period as the amplitude. The phase oscillates roughly between
−π/2 and +π/2, implying a 180◦ phase flip. A phase of −π/2 seems to be
corresponding to large acoustic wave amplitudes, a phase of +π/2 seems
to suppress the acoustic wave. This may signal constructive and destruc-
tive interference between the (Rayleigh) acoustic wave and another (mag-
netic or elastic) wave mode, but the cause of the phase shift and how this
leads to modulation in the amplitudes is unclear.

A second important departure from our previous measurements on
nickel is the emergence of FMR frequencies in the diffraction channel. It
was previously thought that the magnetic wave only impacts the Faraday
rotation and is therefore only visible in our setup during Faraday detection
measurements; FMR frequencies have never been seen during TG diffrac-
tion measurements in nickel. Their presence for Terfenol implies that the
magnetic state (i.e. the phase in the FMR oscillations) causes structural de-
formation and changes the diffraction efficiency, or that the precessional
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Figure 5.4: Transmission TG diffraction time traces (blue curves) at applied mag-
netic field values between 2453 G and 3662 G (values shown in upper-right cor-
ner of each subplot). The curves are fitted with a sine wave (red curves) to extract
phase, frequency and amplitude information. Data at times t< 0.5 ns are not in-
corporated in order to avoid the FMR oscillations, which are sufficiently damped
after this time.
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Figure 5.5: Result of the fitting parameters of the transmission TG diffraction
time traces, of which a subset is shown in Figure 5.4. a) Frequency. b) Amplitude
(normalized). c) Phase, in units of π. The frequency appears to remain constant
in field, whereas the amplitude and the phase show oscillatory behavior.
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phase of the spin wave leads to changes in the refractive index signifi-
cantly enough to lead to diffraction. The FMR frequencies show similar
beating behavior as the SAW and SSLW modes. The beating period is the
same but the phase is different, with the FMR beating preceding the acous-
tic modes in field by roughly π/2.

Recent measurements on a 300 nm Terfenol sample without additional
overlayer still show beating of the acoustic mode during reflection TG
diffraction measurements (the sample is too optically dense for transmis-
sion TG). As reflection TG diffraction only shows intensity due to diffrac-
tion from the modulation depth (elastic/acoustic wave) due to the grating,
the presence of the beating pattern in this type of detection indicates that
it is in fact the elastic wave that is quenched periodically in field. The re-
sults also remove the possibility that the features of the other sample are
due to the presence of the 250 nm SiO2 overlayer.

5.3 Conclusion and Outlook

Terfenol shows several interesting features that, to the best of the author’s
knowledge, have not been observed before. The TG diffraction channel,
known to measure acoustic wave propagation, shows a pronounced beat-
ing pattern as a function of magnetic field, both for the precession ampli-
tude as well as for the phase. Additionally, the channel not only shows the
traditional acoustic waves modes, but FMR oscillations are visible as well.
Observing the magnetic behavior through the Faraday detection scheme
also reveals the same FMR curve, as expected. The shape of this curve is
however different from the case of nickel in that the intersection with the
acoustic modes (SAW and SSLW) does not amplify the intensity, and that
the curve does not intersect the origin.

The data point towards strong interaction between elastic and mag-
netic degrees of freedom, and demonstrate the potential for magnetic con-
trol over structural deformations. Numerical simulations should be em-
ployed in order to gain a more thorough understanding of acoustic wave
propagation in highly magnetostrictive thin films on a dielectric substrate
and their coupling to the magnetic degrees of freedom. A clear knowl-
edge of the direction of the crystallographic axes for both the sapphire
substrate, the niobium buffer layer and the Terfenol film may prove use-
ful in the interpretation of the anomalous effects as well.
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Chapter 6
Conclusion

An all-optical route is applied to study magnetoelastic coupling in fer-
romagnetic thin films. The transient grating setup, which is based on
the pump-probe philosophy, is implemented in order to launch frequency
tunable surface acoustic waves due to the periodic excitation pattern from
two interfering pump pulses. By incorporating both a TG diffraction de-
tector as well as a Faraday Rotation detection scheme, this setup allows us
to simultaneously follow the elastic waves as well as their coupling to the
magnetic degrees of freedom with sub-picosecond resolution.

The main results of this thesis fall in two broad categories. Firstly, a
method is provided to calculate the time-dependent sensitivity to mag-
netization dynamics in the transient grating setup. This is a non-trivial
process, as magnetization amplitude relies on temperature distributions
inside the magnetic thin film. To this end, finite element methods are
employed in order to simulate the temperature dynamics in our samples
consisting of both a thin film as well as a substrate. Subsequent calcu-
lations of the corresponding changes in (de)magnetization allows us to
reconstruct the magnetization vector from experimental data as a func-
tion of time. This is important because it enables accurate estimations
of various characteristics of both the magnetic and elastic waves, such as
amplitudes, precession angles and damping constants.

Secondly, initial experimental results are reported on the strongly mag-
netostrictive material Terfenol in the transient grating setup. The results
are unusual for multiple reasons. In the Faraday channel FMR oscilla-
tions are present, but, contrary to previous findings for nickel samples,
the FMR does not resonantly couple to any acoustic mode. The frequency
of the FMR changes with pump intensity, however the data seem to sug-
gest that this occurs only when a grating is applied. In the TG diffraction
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62 Conclusion

channel, it is found that acoustic modes seem to be suppressed at regular
intervals when the applied magnetic field strength is varied. To the best
of the author’s knowledge, this is unprecedented, and is in strong contrast
to the case of nickel, for which the diffraction channel does not show any
field-dependent behavior. Moreover, the diffraction channel is sensitive to
the same frequencies that are observed in the Faraday channel, which also
show the beating pattern at equal intervals as the acoustic modes, but dif-
ferent phase. Understanding of these phenomena is still limited, calling
for both additional experimental as well as theoretical work.
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