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Preface
We are in 1986, in a French primary school. The teacher is distributing to her class
some kind of colorful plastic building blocks. She is going to have a very hard time
trying to explain the numbers to her class and plans to use those blocks both as a
help and to trigger interest in those kids heads who only think of playing. One of the
kids is particularly interested in these blocks as he doesn’t have them at home. He
listens carefully to the lesson and he is one of the first to complete the exercise. As
an encouragement, the teacher replaces the blocks of this kid by a paper with even
more exercises on it. The kid is extremely disappointed, but he keeps learning these
numbers in the hope that one day he will be allowed to play again with these colorful
plastic building blocks. What an idiot ! Of course that never happened. As you
probably guessed by now, that idiot kid was me. I later learned that mathematics is
only about papers and exercises, and thus pretty boring while experimental physics
is a lot more fun by playing with all kinds of phenomena and devices. But these are
details. This early incident is responsible for what you are reading now !
This thesis presents the scientific results of my work as a PhD. student at the
Institute for Molecules and Materials (IMM) at the Radboud University in Nijmegen,
in the Theo Rasing’s group. I don’t really know how I managed to end up in such
a good, internationally known and so well equipped group, but I’m very glad that
it happened. Thinking that I could have stayed in France and done a PhD in some
crappy, unknown and under equipped lab is quite frightening. I’m glad that I took
the astonishing opportunity that was offered to me, and I’m glad that the French
government didn’t want to finance my education anymore. Thank you guys !
Even if most of the time I pretend that my 4 years stay in Nijmegen, in the
Netherlands, has not been that great, it is all lies. It could of course have been
better, but it was pretty cool a time overall.
I greatly appreciated the scientific supervision of Andrei Kirilyuk, Alexey Kimel
and Theo Rasing. I feel very privileged to have been working with Andrei who is a
great physicist from whom I learned a lot, and in particular for his guidance and ideas
in the field of ultrafast magnetization dynamics and time resolved magneto-optics. I
also appreciated very much is availability for discussions of results, problems and
ideas as well his view on the very important subject for any foreigners living in the
Netherland of what is delicious to eat and drink when you are not in the Netherland.
I am very thankfull to Alexey for his remarks on my work showing that there is an
easier and better way to do the exact same things and for his teaching of a particular
russian sentence. I am also very grateful to Theo for letting me work in his group,
for his encouragements, comments and for his insightful criticisms to my manuscripts
and presentations. I am also very happy to have been able to compete with him in
the 7 hills race in Nijmegen, and I have to admit that he is really the boss.
I am very thankful to Albert van Etteger for his help and teaching of the various
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lasers systems and optics available at SSI, and to Tonnie Toonen for his extremely fast
help with any technical problem which always happens at the wrong moment. I am
also very thankful to Marilou van Breemen for her help with all kinds of administrative
problems, as well as Riki Gommers, and for their introduction with Dutch culture and
language.
I extremely appreciated to work at the beginning of my Ph.D. with Christelle
Anceau who was a French Post-Doc here and who showed me how things were working
in the group and in the lab and helped me with the social interactions while my English
skills were growing to some significant level of usefulness for the every day life.
I am also thankful to Fredrik Hansteen, a former PhD student, who brought to
Nijmegen his wonderful iron garnet samples, who wrote a very concise and interesting
thesis of ideal size, and who has always been enthusiastic in our social events, a good
friend, and a very good runner.
Working in a large group composed of a lot of different cultures and research
interests has been very instructive. This allowed me to visit the Ukraine with Sergiy
and Cameroon with Fred, and forced me to visit Paris as a guide with Sergiy, Erdni
and Marina. Going to conferences, workshops and meetings with Alexandra, Daniel,
Jan and Fredrik helped a lot to make such events more than a work duty. Going to
concerts with Roman has been a very nice way to learn more about music. I also
appreciated a lot going out in Nijmegen with Chris and Fred and playing pools and
football table. I’m also thankful to Jelena and Alexandra for joining me to music
festivals and other social activities that we had. Barbecues at Muzenplaats with
Daniel, Lucian, Roman and Sergiy was also a very nice way to spend time and to
drink german beers. All the dinners, barbecue, volleyball, running, paintball, skiing,
canoe and many more we did together constitute all great souvenirs that I will keep
for my stay in Nijmegen, and contributed to make it a great life experience.
I would like to thanks all the above mentioned people, as well as many others not
directly related to this thesis, for just being around at some moment during this four
years.

Loı̈c Le Guyader
Nijmegen, 28 December 2007.
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1

Introduction

Fast and reliable magnetization switching is of primary importance in several highly
strategical and competing technological areas, like for example in the magnetic data
storage and in the spintronics industries.
Spintronics corresponds to a new development of electronics where not only the
charge of the electron is used but also its spin. This new field of research started with
the discovery of the giant magnetoresistance (GMR) by Albert Fert [1] and Peter
Grünberg [2] who have received the Nobel price of Physics in 2007 for precisely this
discovery. Spin valve GMR-based devices allow the measurement of the magnetization direction of a thin “free” ferromagnetic layer with respect to the magnetization
direction of a thick ferromagnetic layer from which it is separated by a non-magnetic
spacer. In the case of a parallel or anti-parallel alignment of the magnetization of both
layers, the overall resistance of the device is then low or high, as shown in figure 1.1 a).
This leads to the idea of a memory device called Magnetic Random Access Memory
(MRAM) where the binary information would be recorded in arrays of magnetic bits
each composed of a spin valve, as shown in figure 1.1 b). The low or high resistance
state of each individual spin valve is then used to record a “0” or “1” of the binary
information. The main advantage of such technology is that it does not require any
regular refreshing of the information stored in the memory unlike, in the current random access memory (RAM) used in computers, a process which is time and energy
consuming. In addition, such spin valves also provide a more sensitive read-out head
of hard drives which permits to increase the density of recorded information.
In magnetic data storage, the density of recorded information is now beyond
1
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Figure 1.1: a) Adapted from [3]. Magnetoresistance curves (measured at a bias voltage of 10 mV) at T = 293 K and 20 K (MgO thickness = 2.3 nm). The resistance–area
product RA plotted here is the tunnel resistance for a 1×1 µm area. Arrows indicate
magnetization configurations of the top and bottom Fe electrodes. The MR ratio
is 180% at 293 K and 247% at 20 K. b) Adapted from [4]. A schematic view of an
MRAM device, constituted by an array of spin valves. Series of crossed wires allow for
the individual addressing of each individual magnetic bit for the reading and writing
processes.

100 Gb/inch2 and continuously increasing. As the density increases, however, the
volume and area occupied by one bit of information shrinks towards the superparamagnetic limit, where the magnetization of the bit is not stable anymore against
thermal fluctuations such that the recorded information can be lost at any moment.
One solution to overcome this limit is to increase the coercivity of the recording layer
in order to stabilize the magnetic bits, with the drawback that the writing process
becomes harder. Higher magnetic fields are then required to write these magnetic bits
while the maximum magnetic field created by the writing head reaches technological
limits too. A solution involving a laser heating of the magnetic bit to be written, to
decrease its coercivity during the writing process, is a current topic of research and
is known as heat assisted magnetic recording (HAMR).
The writing process in MRAM as well as in hard disks involves the switching of the
magnetization. Together with the increase in density by reducing the size of the magnetic bits or domains, the current research is also targeted on the increase of the speed
of this writing process. The switching speed of the magnetization has experienced in
the recent past an exponential acceleration. Starting with the conventional applied
magnetic field in the opposite direction of the magnetization and a switching process
on the nanosecond timescale, quasi-ballistic precessional switching, which involved a
precise timing of a magnetic field pulse applied perpendicular to the magnetization

Introduction

Figure 1.2: a) Adapted from [5]. Switching in 200 ps by a shaped field pulse (solid
circles). Without a shaped pulse, the system switches back to its initial state (open
circles). The lines are guides to the eye. b) Adapted from [6]. All-optical magnetic
recording by femtosecond laser pulses. The effect of single 40-fs circular polarized
laser pulses on the magnetic domains in Gd22 Fe74.6 Co3.4 . The domain pattern was
obtained by sweeping at high-speed (5̃0 mm/s) circularly polarized beams across the
film surface so that every single laser pulse landed at a different spot. The laser
fluence was about 2.9 mJ/cm2 .

reached 100 ps switching [5, 7–11], as shown in figure 1.2 a). Complementary to this
increase in the switching speed, stronger requirements on the reliability of the switching are demanded. Such reliability is governed by the homogeneity of the switching
across the magnetic element to be switched, leading to a growing interest in the homogeneity of the magnetization dynamics excited by homogeneous stimuli. The focus
of current research is on the effect of the shape of the nano-sized magnetic element on
its magnetization excitation spectra in the case of a homogeneous stimulus [12–16].
However, the reciprocal problem of inhomogeneous excitation in magnetic systems is
not well covered, despite the fact that with increasing density, the excitation becomes
strongly inhomogeneous.
Very recently, the switching speed of the magnetization increased even further.
It has been shown that a 40 fs laser pulse is enough to define the orientation of the
magnetization, and thus to reverse it [6], as shown in figure 1.2 b). It is believed that
the Inverse Faraday Effect (IFE) is the mechanism driving this switching process.
Together with the photo-induced anisotropy (PIA), these new, so called opto- and
photo-magnetic processes are triggering a lot of current interest [17–19]. Such ultrafast
control of the magnetization by light could be the next revolution for the magnetic
recording industries. As lasers are already introduced in hard drives for the HAMR,
an all optical magnetic recording device doesn’t appear exotic anymore and could
achieve similar recording densities. However, both for HAMR and for this all optical

3
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Figure 1.3: Adapted from [21]. Transmission spectrum of hole arrays. The triangular hole array was milled in a 225-nm-thick Au film on a glass substrate with an
index-matching liquid on the air side (hole diameter 170 nm, period 520 nm). The
transmission spectrum is measured at normal incidence using collimated white light.
The inset shows the image of the actual array. I/Io is the absolute transmission of
the array and η is the same transmission but normalized to the area occupied by the
holes.
recording, the diffraction sets a fundamental limit to the smallest spot size reachable
to half the wavelength of the light used. For visible light this is at least 200 nm,
giving a maximum density of 20 Gb/inch2 . To overcome this diffraction limit, within
the framework of HAMR, research is carried out on focusing the laser by coupling the
light to a plasmonic antenna. This allows to focus light in the near field below this
diffraction limit to about a few tens of nanometer [20].
This use of surface plasmon polaritons (SPPs) in HAMR may become even more
interesting when combined with all optical magnetic recording. The enhancement of
the optical properties of a material by SPPs is another recent important discovery in
solid state physics. It was discovered that a light beam can be transmitted much more
efficiently through a metal film perforated with a periodic array of sub-wavelength
holes than it would by a single hole with the same area as the combined sub-wavelength
holes [22], as shown in figure 1.3. The reason for this extraordinary optical transmission (EOT) is that the light impinging on the metal surface couples to SPPs which

1.1 Scope of this thesis
propagate over this metal surface towards the holes and from there towards the other
side of the metal film where they can radiate back the energy to light. The coupling of
light with SPPs can also lead to surface-enhanced Raman spectroscopy (SERS) which
can now detect a single molecule [23, 24], as well as the enhancement of fluorescence,
absorbance and second harmonic generation [25]. These effects are all related to the
enhancement of the electric field of the light in a sub-wavelength region around the
interface supporting the SPP modes.
Magneto-optical properties have also been shown to be enhanced by such SPPs [26,
27] and as magneto-optical and opto-magnetic properties are closely related, it is
interesting to search for the enhancement of the opto-magnetic effects. This could
ultimately provide a versatile ultrafast all-optical magnetic recording technique with
sub-wavelength resolution !

1.1 Scope of this thesis
This thesis deals with experimental studies of ultrafast dynamics in magnetic thin
film materials. The main focus is on excitation mechanisms and the homogeneity and
controllability of the resulting dynamics. The controllability has been investigated in
the case of thin elliptically shaped dots made of a Permalloy film excited by a homogeneous pulsed external magnetic field. It has been found in this case that the main
mode of excitation follows the macrospin modes in a ellipsoid as we expected, but
that other modes are excited as well, in particular an edge mode having a much lower
frequency, which could generate noise if used in an MRAM device. Subsequently,
standing surface acoustic waves have been generated by absorption of a laser pulse
spatially modulated via arrays of subwavelength nano-holes in a gold overlayer on
top of a magnetic iron garnet. This plasmonic structure transmits light by coupling
to surface plasmon polaritons. We show that coherent control over the transmitted
light can be obtained by the coherent control of the standing surface acoustic waves
generated inside the magnetic iron garnet. Finally, using concentric rings in a polymethyl methacrylate (PMMA) overlayer on top of a homogeneous gold film deposited
on top of an iron garnet thin film, we observed an enhancement of the photo-induced
magnetic anisotropy having a different polarization dependence on the pump light
than the usual photo-induced magnetic anisotropy. This suggests that we observe
a magnetic anisotropy change induced by plasmon modes, and opens, together with
the coherent control of plasmons, the possibility of an ultrafast magnetic memory
operated by plasmons.
The plan of this thesis is the following. Chapter 2 presents the physics involved in
the phenomena studied in this thesis as well as the open questions and the overview of
the work realized by other groups. Chapter 3 presents the various samples investigated
in this thesis, starting with thin elliptical Permalloy elements, then continuing with
magnetic iron garnet thin films, on which various plasmonic structures have been
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realized in and on a thin gold overlayer. Chapter 4 details the experimental techniques
used in this work. These include the detection of the Magneto-Optical Kerr Effect
and the general framework of pump-probe experiments which is the main tool of
investigation in this thesis.
This is followed by three chapters presenting and discussing the results obtained.
Chapter 5 details the magnetization precession in the thin elliptical Permalloy elements excited by homogeneous magnetic field pulses. It has been found that the
magnetization precession is not homogeneous, contrary to what one could expect,
but can rather be decomposed in various localized modes of excitation. In Chapter 6,
the complementary problem of strongly inhomogeneous excitation was investigated
by using metallic gold structures on top of a magnetic iron garnet to modulate spatially the energy of a pump laser pulse. Various acoustic waves are shown to be
excited, resulting in a periodic modulation of the surface plasmon dispersion, allowing its coherent control by a sequence of pump pulses. Chapter 7 presents results
on the enhancement of the photo-induced anisotropy by surface plasmon polaritons
in concentric PMMA rings, and shows that the photo-induced anisotropy in such
case is rather a plasmon induced magnetic anisotropy having a different strength and
polarization dependence compared to the standard photo-induced anisotropy.
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CHAPTER

2

Magnetic, plasmonic and acoustic excitations

This chapter presents the general physics of the phenomena studied in this thesis. As
the aim of this thesis is to investigate the limits of the magnetization switching, this
chapter starts in section 2.1 by presenting the magnetization dynamics, the precessional switching of the magnetization, as well as the spin waves dispersion relation and
the relaxation of the magnetization excitations. The importance of these phenomena
for the application of the precessional switching is then discussed together with an
overview of the current state of research on this subject. This is then followed by section 2.2 which describes the interaction of light and magnetization. Starting with the
well known magneto-optical effects, the recently shown opto-magnetic effects will be
presented which allow the direct control of the magnetization by light and open a challenging new road for the switching of the magnetization. After a short presentation
of the inverse Faraday effect, a detailed presentation of the photo-induced anisotropy
is given, together with a discussion on what kinds of improvements would be interesting for ultimate technological applications. In section 2.3, the surface plasmon
polaritons are described with the resulting enhancement of optical properties and the
sub-wavelength confinement of the light, followed by reported applications of those
effects in the literature which shows how powerful a combination of opto-magnetism
and surface plasmon polariton could be for the realisation of this ultimate magnetization switching. Finally, section 2.4 presents the generation of acoustic waves which
usually happens when a spatially modulated light beam is absorbed in a material
and which is the case for the plasmonic systems studied in this thesis. This can lead
to interesting complementary properties in a device where magnons, plasmons and
9
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phonons all interplay.

2.1 Precessional magnetization dynamics
2.1.1 Magnetostatics
The magnetization M of a material is given by the vectorial sum over all the sample
of the individual magnetic moments µi , divided by the volume V of the sample [1]:
M=

Σi µi
.
V

(2.1)

Itinerant and localized electrons contribute to the magnetization by their spin magnetic moment µs given by [2]:
µs = −gµB s,
(2.2)
where g is the spectroscopic splitting factor and is equal to 2.0023 while µB is the
Bohr magneton which is defined in SI units by:
µB =

eh̄
,
2me

(2.3)

where e is the elementary charge, h̄ is the Planck constant divided by 2π and me
is the mass of an electron at rest, which gives a value of 9.274 · 10−24 JT−1 for µB .
In addition to this spin magnetic moment, electrons also have an orbital magnetic
moment µo given by:
µo = −µB l
(2.4)
If we take g=2, the magnetic moment contribution from an electron is:
µi = −µB (2si + li ).

(2.5)

The atomic nuclei also have magnetic moments which can be expressed in a similar
form as equation (2.2) with a nuclear spin I:
µ = gN µN I,

(2.6)

where gN is the g-value for the nuclei and is of the order of unity, µN is the nuclear
magneton defined by equation (2.3) where the mass of the electron is replaced with
the mass of the proton. As the mass of a proton is 1836 times the mass of an electron,
the magnetic moments from nuclei can usually be ignored compared to the magnetic
moments of electrons.
In certain materials, the individual spins of the electrons are spontaneously ordered and aligned in a specific manner with respect to each other. The source of
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this ordering is the exchange interaction due to the spatial overlap of the electron
wavefunctions and Pauli’s exclusion principle. The case of parallel alignment of the
spins corresponds to ferromagnetic materials, while the case of an anti-alignement
corresponds to antiferromagnetism if all the spins compensate each other, or to ferrimagnetism if one sub-lattice has a larger magnetic moment than the other one,
because they are made of different atoms for example. In the antiferromagnetic case,
the magnetization M equals zero, while in the ferrimagnetic case, a small M will
remain. This exchange is a short range interaction, while in the long range, the magnetization tends to anti-align to minimize the demagnetizing energy arising from the
classical dipole-dipole interaction, leading to the formation of domains.
The total energy Etot per unit volume of a magnetic system can in fact be expressed
by [3]:
Etot = Eext + Eexch + Edem + Eani ,
(2.7)
where Eext = −µ0 M · Hext is the energy of the magnetization M in a external applied
2
magnetic field Hext , Eexch = A(∇M) is the exchange energy with A the exchange
constant, Edem = −µ0 M · Hdem /2 is the demagnetizing or magneto-static self energy
2
and Eani = −K(M · n) is the anisotropy energy, where K is a uniaxial anisotropy
constant and n a unit vector giving the axis of anisotropy.
The direction in which the magnetization M will point at equilibrium corresponds
to the minimization of the total energy of the magnetic system. As such, one can
also write the total energy Etot as −µ0 M · Hef f where Hef f is an effective field. The
energy will be minimal when the magnetization M will align parallel to this effective
field, which can be derived from [4]:
Hef f = −

1
∇M Etot
µ0

(2.8)

which gives:
Hef f = Hext + Hexch + Hdem + Hani

(2.9)

If one or more of the magnetic fields which create the effective magnetic field
Hef f change, the orientation of this effective field will change and the magnetization
will be out of equilibrium. This will lead to a dynamic motion of the magnetization
towards the new equilibrium direction. This particular motion is the subject of the
next section.

2.1.2 Magnetization dynamics
Precessional switching
If the effective field Hef f changes its direction, the magnetization M will realign
towards the new equilibrium as shown in figure 2.1. This magnetization dynamics is
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Figure 2.1: An illustration of the magnetization precession dynamics driven by a
sudden change of the effective magnetic field Hef f . a) the situation at equilibrium
when M is aligned with Hef f . b) at a sudden change in the direction of Hef f , M starts
to precess around the new direction given by H′ef f . At t = T1/2 , M has precessed by
half a precession period and is the furthest away from its original position. c) the new
equilibrium direction is reached when the precessional motion is completely damped.
governed by the Landau-Lifshitz-Gilbert (LLG)

1

equation [5, 6]:

dM
α
dM
= −|γ|µ0 M × Hef f +
M×
dt
Ms
dt

(2.10)

where γ = gµB /h̄ is the gyromagnetic ratio, µ0 = 4π10−7 N/A2 is the vacuum permeability, Ms is the magnetization at saturation and α a dimensionless parameter.
The first term of the LLG equation, known as the torque term, describes an endless
precession motion of the magnetization M around the effective field Hef f , while the
second term, known as the damping term, is a phenomenological term introduced
to describe the dissipation of the energy of this precession and the relaxation of the
magnetization M towards the direction given by the effective field Hef f . In the case
of a constant effective field Hef f , the precession frequency f at which the precession
occurs is given by:
|γ|
µ0 Hef f
(2.11)
f=
2π
One important complication is however hidden in equation (2.10). The effective
field Hef f is dependent on the magnetization M itself, via the demagnetizing field
Hdem . Thus the magnetization dynamics, even if restricted to the torque term only,
is inherently non linear. Moreover, the demagnetizing field Hdem in one part of a
sample corresponds to the stray field created by all the rest of the sample at that
1I

am also known as LLG (Loı̈c Le Guyader), however, I have not earned my own equation, yet !
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particular point. In general, this demagnetizing field Hdem is thus inhomogeneous
in space due to the shape of the sample. This results in a space-dependent LLG
equation, which depends, at one point r in space, on the complete configuration of
the ensemble of magnetic moments of the rest of the sample. This is the principal
difficulty in micromagnetic simulations where the LLG equation is integrated in time
to solve the magnetization dynamics M(r, t) of a sample. At every time step t, the
demagnetizing field has to be calculated at every point by integrating the stray field of
all the rest of the simulated sample, which thus becomes a rather tedious calculation.
Another way to look at M(r, t) is in the reciprocal space via a Fourier transform,
which permit to decompose this dynamics in a sum of waves which are called spin
waves.
Spin waves in ferromagnet
The excitation of a spin system is quantized due to the finite number of spins which
form the magnetization. Considering an effective field Hef f in the z direction, the
state with the lowest energy is when all the spins are aligned parallel to Hef f , which
corresponds to the ground state. In this case we have Mz V = Ms (T = 0)V where
Ms (T = 0) is the magnetization at saturation at a temperature of 0 K and V is the
volume of the sample. The first excited state is when one of the spins is flipped,
reducing Mz V by a quantity 2µ [7]:
Mz V = Ms (T = 0)V − 2µ

(2.12)

However, the flipping of only one spin would cost a lot of exchange energy so that
the system prefers to share this reduction of the magnetic moment over all the spins
of the system. Such a spin wave can be written in the form of [8]:
M(r, t) = Mz z + mei(ωm t−kr) ,

(2.13)

where M(r, t) is the magnetization at the position r and time t, Mz z is the uniform
constant portion of the magnetization along z, m is the amplitude of the spin wave
in the xy plane, ωm is the frequency and k is the wave vector of the spin wave.
However, to decrease the Mz component without creating an Mx or My component,
the precession phase between the spins has to be non-zero such that on average, Mx
and My are zero. A spin wave is characterized by a constant precession phase angle
α between neighbouring spins along the direction of propagation of the spin wave, as
shown in figure 2.2 a). We thus have a 2π phase after n spins, thus:
nα = 2π.

(2.14)

In addition, these n spins support one wavelength λ of the spin wave, therefore:
na = λ,

(2.15)

14

Magnetic, plasmonic and acoustic excitations

Figure 2.2: a) Representation of a spin wave. The distance between the localized
spins S is a, the wavelength of the spin wave is λ supported by n spins. The spin
wave is additionally characterized by a change of phase angle α between two neighbouring spins. b) The dispersion relation of a spin wave linking its frequency ωm with
the wavevector k when the Zeeman energy and the exchange energy are taken into
account.
where a is the distance between the spins. Combining equation (2.14) with (2.15),
one can derive that:
α = ak,
(2.16)
where k = 2π/λ is the wavevector of the spin wave. The cost of exchange energy of
such a wave and for small α is:
α2
(2.17)
2
This means that a spin wave with a wavevector k has an exchange energy contribution h̄ωexch = Dk 2 where D is an exchange constant [9]. In addition to this exchange
energy, there is as well the Zeeman energy resulting from the interaction of the magnetic moment with the external magnetic field Hext which is Eext = −µ0 M Hext . As
Eexch = ASi .Sj ≈ A cos α ≈ A − A
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the moment of a spin wave is −µ, the Zeeman energy is then h̄ωZeeman = µ0 µH. We
can now deduce that the energy of a single spin wave is:
h̄ωm = h̄ωZeeman + h̄ωexch = µ0 µHext + Dk 2 ,

(2.18)

where ωm is the precession frequency of the spin wave.
The quasi-particle associated to the spin wave is called a magnon and is characterized by an energy ǫ = h̄ωm and a quasimomentum p = h̄k for which the dispersion
relation expressed by equation (2.18) is plotted in figure 2.2 b).
Moreover, this spin wave can propagate in different directions for which another
contribution in the energy will come into play which is due to the dipole-dipole interaction or demagnetizing energy [11]. In the case of a spin wave propagating normal
to the effective field Hef f , as depicted in figure 2.3 a), the sample can be decomposed
in slits having the same phase of precession. In these slits, the component of the
magnetization resulting from the excitation of the spin wave points at the normal of
the slits surface. This situation corresponds to a thin film sample magnetized out of
the plane in which a demagnetizing field of Hdem = −4πMs would be created. This
results in a positive demagnetizing energy of Edem = −Hdem Ms /2 = 2πMs2 . On the
other hand, if the spin wave propagates parallel to the effective field Hef f , as depicted
in figure 2.3 b), the magnetization component resulting from the excitation of the spin
wave points parallel to the surface of the slits, corresponding to a magnetization in
the plane of the thin film sample, for which Hdem = 0. Thus, spin waves propagating
normal to the effective field Hef f have a higher energy than those propagating parallel to it. The dispersion of the spin waves in this case is given by the Herrings-Kittel
formula [12]:
q
ωm = |γ|µ0 (Hext + Dk 2 )(Hext + Dk 2 + 4πMs sin2 θk ),
(2.19)

where θk is the angle between the propagation direction of the spin wave and the
magnetization M. The resulting dispersion relation is shown in figure 2.3 c). All the
intermediate states are of course possible, resulting in a band of magnons where all the
magnons with the same frequency but different wavevector are degenerated. However,
this dispersion relation is modified in the case of a material of finite dimensions, due
to the breaking of translational invariance of an infinite medium in the vicinity of a
surface, which introduces additional boundary conditions. In the case of a thin film,
the dispersion relation can be expressed in a similar form as equation (2.19) [13]. The
resulting dispersion is illustrated in figure 2.3 d). The Magnetostatic Surface Mode
(MSSM) or Damon-Eshbach mode [14] is localized at the surface. The Magnetostatic
Backward Volume Mode (MSBVM) has a group velocity in the opposite direction to
the wavevector. The Magnetostatic Forward Volume Mode (MSFVM) corresponds to
standing modes discretized by the thickness of the film.
All these different modes allow magnons to scatter and the magnetic excitation to
relax as will be discussed below.
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Figure 2.3: a) Representation of a spin wave propagating normal to the effective field
Hef f for which the demagnetization energy contributes. b) Representation of a spin
wave propagating parallel to the effective field Hef f for which the demagnetization
energy does not contribute. c) Dispersion relation for spin waves where the demagnetizing energy contribution creates a band of spin waves propagating from normal
to parallel to the effective field Hef f . d) Adapted from [10]. Typology of spin wave
modes in a magnetic film as a function of the directions of the magnetization, M,
and the in-plane wavevector, q. νs : frequency of the surface spin wave on a semiinfinite half space, νB , νH : frequencies of the volume spin waves with the wavevector
perpendicular and parallel to the external field, respectively.

2.1 Precessional magnetization dynamics

17

Relaxation processes
If the excitation is homogeneous over the sample, then the wavelength of the excited
spin waves is infinite, corresponding to a wavevector k = 0. During this excitation
stage, |M| is constant while Mz decreases. However, this homogeneous magnetization
precession is not endless and will relax. This relaxation can be decomposed in two
main stages. As shown in figure 2.3 c), magnons with k = 0 are degenerate with
other magnons having the same energy h̄ωm but with different wavevector k. The
scattering of a magnon with k = 0 to a magnon with k 6= 0 is thus possible on any
defect, leading to a first stage of the relaxation process of the excitation. However,
this two-magnon process, as it is called, doesn’t change the number of magnons.
Mz is thus conserved during this relaxation stage while due to decoherence between
magnons with k 6= 0, |M| decreases. The final relaxation stage, i.e. the recovering
of |M| by the increase of Mz , involves processes where the number of magnons is
not conserved, like a three magnon process where two magnons are combined to one
magnon in thermal equilibrium. This decomposition of the relaxation process of a
magnetic excitation shows that a correct description of the magnetization dynamics
should allow the magnetization not to be conserved. This, however, is not the case
of the LLG equation, as can be seen by taking the scalar product of equation (2.10)
with the magnetization M, which gives:
dM
.M
dt
1 dM 2
2 dt

= −|γ|(M × Heff ) · M +
=

0

α
dM
(M ×
)·M
Ms
dt

(2.20)
(2.21)

The change of the absolute value of the magnetization M is thus null, meaning that
the LLG equation can only describe dynamics with a constant M , which is in general
not the case. The Bloch-Bloembergen equation [15], for example, allows for changes
of the magnetization. However, as far as the fast dynamics of the magnetization is
concerned, like in the case of a precessional switching for example, this question of the
relaxation of the dynamics is not of primary importance. A more important question
is the homogeneity of the magnetization dynamics which is directly related to the
reliability of the switching in small elements for application for MRAM devices.
Magnetization dynamics in small elements
Despite all the complications pointed out previously, the precessional motion of the
magnetization created the idea to apply the switching field not anti-parallel to the
magnetization but rather perpendicular to it and for just half a precession period,
in order to reverse it [1, 18]. This would lead to a very fast and coherent reversal
of the magnetization, which has been demonstrated experimentally [16, 19–22]. The
drawback of this precessional switching is that the magnetic pulse field has to be
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Figure 2.4: A) Adapted from [16]. Precessional switching of a spin valve cell. Field
(b) and magnetization component mX (c) vs time for Hpulse = 81 Oe, Tpulse = 175 ps.
Gray dots: experiment; black lines: simulation. mX switches within Tswitch = 165 ps.
No residual precession is found indicating quasiballistic reversal. Field (e) and mX
(f) vs time for Hpulse = 205 Oe, Tpulse = 240 ps. B) Adapted from [17]. Suppressed
ringing in a 1 µm×4 µm spin valve by variation of the pulse length: (a) transmitted
voltage pulses. Pulse lengths are 230, 470, and 760 ps from top to bottom. The graphs
are offset for clarity. (b) Corresponding spin valve magneto-resistance response to the
pulses in (a). dc current 1 mA, static field 91 Oe. For the 470 ps pulse (middle curve)
ringing after pulse termination is suppressed (shown by the arrow).
precisely timed to half the precession time T1/2 = 1/(2f ), where f is the precession
frequency. As shown in figure 2.4 A), if the pulse is too long, the magnetization is not
reversed. Moreover, if the magnetization does not end up in the equilibrium direction
with respect to the effective field, without the pulse field which initiated the motion,
the magnetization will still precess after the switching. This phenomenon is called
“ringing” and is shown in figure 2.4 B). This “ringing” has several disadvantages like,
generating electric noise in the circuit in which the magnetic bits are incorporated or
making the next switching event unpredictable [23–25].
To avoid this ringing, not only the pulse field has to be properly timed, but the
magnetization dynamics has to be homogeneous across the magnetic bit, otherwise
this pulse timing would be different for different parts of the bit. The homogeneity
of the magnetization precession is thus an important technological and fundamental
question and has been widely studied over the past years. Time resolved measurements and micromagnetic simulations have been conducted on thin squares and ellipses of permalloy or other magnetic materials. Squares are interesting due to their
strongly inhomogeneous demagnetizing field and domain structure, which give rise to
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very rich excitation spectra [26–30], while rings were shown to possess a discrete modes
spectrum [31–34]. On the other hand, elliptically shaped elements are supposed to
show homogeneous dynamics which is thus preferable for application in MRAM [35].
However, such element shape was still found to have rich excitation spectra due to
the non ideal shape [36–40]. Those works have also shown the existence of an edge
mode which may cause problems in precessional reversal [41–48]. These experimental
results are well supported by micromagnetic simulations. However, such agreement
is obtained by fitting some parameters of the simulation to reproduce the dynamics
experimentally observed. Even though the physical phenomena of magnetization precession in shaped ferromagnetic elements seems to be in principle well understood,
experimental investigations remain important.
In practice, the ringing is thus almost unavoidable and many efforts went to reduce its influence. One way could be to increase the damping in the part of the
element where this ringing occurs. This can be done by creating defects which allow
to control the damping of the precession. However, such tuning of the damping is
problematic to simulate [49, 50], in the first place because it requires more advanced
calculations. Micromagnetic simulations use a phenomenological damping while a
theoretical damping from ab-initio calculations would be preferable. Such calculations are currently possible, but only on nano-particle size elements [51]. And even if
those calculations were possible on a large scale, any other defect in the realization of
the sample would also influence the dynamics, limiting greatly the reliability of such
damping control on the ringing.
Another approach to reduce the influence of this ringing would be to switch the
magnetization much faster than the time in which any decoherence can appear. The
fundamental limit here is how fast and how strong one can change the effective magnetic field. As the fastest stimuli available nowadays are ultrashort femtosecond laser
pulses, the coupling between light and magnetization will be considered in the next
section.

2.2 Interaction between Magnetization and light
2.2.1 Magneto-optics
In 1845, Faraday discovered that the polarization of light transmitted through a glass
in a direction parallel to an applied external magnetic field was rotated [52]. This was
the first observation of a coupling between light and magnetism. A similar effect was
later discovered by Kerr in 1877 in reflection and is now known as the Magneto-Optical
Kerr effect [53]. In 1907, a magnetic induced birefringence was discovered by Cotton
and Mouton [54, 55], completing the linear magneto-optical effects. This interaction
of light with magnetism can be understood as a Zeeman splitting of optical transitions,
which results in different indices of refraction for different polarizations of the light.
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This results in the creation and change of dielectric tensor components [56]. In the
case of the Faraday and Kerr effect, these dielectric tensor components are off-diagonal
and linear in the magnetization or the magnetic field, while for the Cotton-Mouton
effect, they are both diagonal and off diagonal and quadratic in the magnetization
or the magnetic field. For an isotropic material, these magneto-optical effects can be
written in the following form [57]:

 

B1 m2x
B2 mx my B2 mx mz
1
iQmz −iQmy
B1 m2y
B2 my mz  (2.22)
1
iQmx  + B2 mx my
ǭ = ǫr −iQmz
iQmy −iQmx
1
B2 mx mz B2 my mz
B1 m2y

where Q, B1 and B2 are material parameters and m = (mx , my , mz ) = M/Ms is a
unit vector indicating the direction of the magnetization.
These magneto-optical effects, in particular the Faraday rotation and the MagnetoOptical Kerr Effect (MOKE) are very useful to measure the magnetization of the
sample optically. They allow for example the imaging of ferromagnetic domains or
give access to the ultrafast magnetization dynamics [58]. These techniques will be
presented in more detail in chapter 4 as they are used in this thesis.

2.2.2 Opto- and photo-magnetic effects
The reverse mechanism of interaction between magnetism and light, namely how
light affects the magnetization, has recently obtained a lot of attention. The first step
was the report in 1996 of ultrafast demagnetization by short laser pulses via thermal heating [59]. The opposite effect of creating magnetization was shown by using
the thermal transition from antiferromagnetism to ferromagnetism in a FeRh thin
film [60]. Later, more interesting non-thermal ultra-fast effects have been reported,
including the photo-induced anisotropy [61, 62], the inverse Faraday effect [63, 64] and
the inverse Cotton-Mouton effect [65]. Such non-thermal effects were called photomagnetism or opto-magnetism depending on whether absorption of a photon was
involved or not.
Inverse Faraday Effect
The inverse Faraday effect (IFE) is a magnetic field induced inside a material by
circularly polarized light, with opposite sign for opposite helicity. The inverse Faraday effect can be understood in terms of a stimulated Raman scattering process on
magnons. A photon at ω1 excites an electron to a virtual level with a strong spinorbit interaction. In this virtual level, its spin flips and this virtual excited state then
relaxes towards the ground state, emitting a photon at ω2 with the same polarization.
The difference ω1 − ω2 is the Zeeman energy splitting, which also corresponds to the
magnon frequency ωm . Due to the large bandwith of a femtosecond pulse, both ω1 and
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ω2 are present, so that this Raman scattering on magnons can be stimulated, leading
to a strong excitation of magnons. Phenomenologically, this stimulated Raman scattering can be described as an inverse magneto-optical effect where a magnetic field is
created by the electric field of the light and can be expressed by the relation [66]:
δHIF E (0) = χ̄[E(ω) × E∗ (ω)],

(2.23)

where δHIF E (0) is the induced magnetic field during the presence of the laser light
pulse and χ̄ is a third rank axial tensor. Whereas the first experimental demonstration of this effect was published already in 1965 [67], the IFE has recently attracted
renewed interest by the demonstration of very strong induced magnetic fields of the
order of a Tesla by using femtosecond laser pulses [63, 64].

Photo-Induced Magnetic Anisotropy
The photo-induced magnetic anisotropy is a change of the magnetic anisotropy of a
material due to the absorption of light. In iron garnet for example, this effect arises
from the absorption of light by dopants [68, 69], in particular Si and Co [70, 71] or
by impurities like Pb [72] which induces an electron transfer between different iron
ions on non equivalent crystallographic sites. As ions on different crystallographic
sites have different contributions to the magnetic anisotropy, this virtual moving of
the ions by charge transfer results in a change of the magnetic anisotropy [73]. The
magnetic iron garnet studied in this thesis and presented in section 3.2 displays such
photo-induced magnetic anisotropy [62].
Phenomenologically, this effect can be described as a long living change of the
anisotropy field δHa (0) resulting from a combination of non-linear optical rectification [74] and a linear magnetoelectric effect [75]:
δHia (0) = χijkl Ej (ω)Ek (ω)Ml (0),

(2.24)

where χijkl is a fourth rank polar tensor which has nonzero components for any crystal
symmetry [76], E(ω) is the electric field of the light at the frequency ω and M is the
magnetization.
Considering the 4mm point group symmetry, which corresponds to the group
symmetry of the iron garnet samples studied in this thesis, and the commutation
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between indices j and k, one finds only 8 independent nonzero components which are:
A = χxxxx = χyyyy
B
C

= χxxyy = χyyxx = χxyxy = χyxyx
= χxyyx = χyxxy

D
E

= χzxxz = χzyyz
= χzzzz

F
G
H

= χxxzz = χyyzz = χxzxz = χyzyz
= χxzzx = χyzzy
= χzzxx = χzzyy = χzxzx = χzyzy

Considering the geometry presented in figure 2.5 a), the electric field E of the light
is given by:


cos θ
E = E0  sin θ  ,
(2.25)
0
where θ is the angle of the polarization of the linearly polarized light with respect
to the x crystallographic axis, and E0 is the amplitude of the electric field. The
magnetization M is given by:


cos φ cos ζ
M = Ms  sin φ cos ζ  ,
(2.26)
sin ζ

where ζ is the angle between the magnetization and the xy plane and φ is the angle
between the in plane component of the magnetization and the x axis and Ms is the
magnetization at saturation. With this, one can derive the photo-induced magnetic
anisotropy Ha and obtain:


 a
δHx
cos ζ(cos φ(A cos2 θ + C sin2 θ) + 2B cos θ sin θ sin φ)
δHya  = E02 Ms cos ζ(sin φ(A sin2 θ + C cos2 θ) + 2B cos θ sin θ cos φ) (2.27)
δHza
D sin ζ
It has been shown moreover that A = B = −C [62], therefore:


 a
δHx
A cos ζ(sin 2θ sin φ + cos 2θ cos φ)
δHya  = E02 Ms A cos ζ(sin 2θ cos φ − cos 2θ sin φ)
D sin ζ
δHza

(2.28)

This can be further simplified if we express this change of anisotropy in a frame
attached to the in plane component of the magnetization in which ∆H a is given by:

 
  a
δHka
δHx
cos φ sin φ 0
 δH a  = − sin φ cos φ 0 δHya  ,
(2.29)
in
a
0
0
1
δHza
δHout
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Figure 2.5: a) Configuration of the photo-induced magnetic anisotropy δH induced
by a pump light E in a magnetized M iron garnet. The resulting configuration of the
various field, the resulting torque T acting on M and the triggered Mz oscillations
are shown in b) in the case of δHout and a positive applied field, in c) in the case of
δHin and a positive applied field, in d) in the case of δHout and a negative applied
field, and in e) in the case of δHin and a negative applied field.
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which leads to:




δHka
A cos ζ cos 2α
 δH a  = E02 Ms  A cos ζ sin 2α  ,
in
a
D sin ζ
δHout


(2.30)

where δHka is the change of anisotropy field along the in plane component of the
a
magnetization, δHin
is the in plane change of the anisotropy field perpendicular to
a
the in plane component of the magnetization, δHout
is the out of plane change of the
anisotropy field and α = θ − φ is the in plane angle between the electric field of light
and the magnetization.
From this last equation, several simple properties of this photo-induced magnetic
anisotropy can be described for this particular geometry. First of all, if the magnetization lies in the plane of the sample, δHka does not produce any dynamics or
reorientation of the spins in the system. This is due to the fact that it corresponds
to a change of the effective field Hef f parallel to itself, if we suppose that the magnetization was at equilibrium before δHka was induced. In this case, no precession
can be excited. Moreover, at the two polarization angles α of the pump with respect
a
to the magnetization which give maximum amplitude effect for δHin
and which are
α = +π/4 = α+ and α = −π/4 = α− , the magnetic anisotropy change δHka will be
zero.
a
a
Thus, only the two components δHin
and δHout
which are an in plane and a out
of plane change of the magnetic anisotropy will trigger reorientation of the spins and
a
depends
thus magnetization dynamics. From equation (2.30), one can see that δHin
a
on the polarization of the pump while δHout is insensitive to it. Moreover, the sign
a
will be opposite between α = α+ and α = α− , thus triggering opposite phase
of δHin
precessions.
If we consider the Mz component of the magnetization, one more important
a
a
difference between δHout
and δHin
appears. If the magnetization direction is rea
a
versed, both the δHout and the δHin
change sign because sin(ζ + π) = − sin ζ and
cos(ζ + π) = − cos ζ. The torque T = −|γ|M × δHa acting on M is thus unchanged
a
in both cases, as shown in figure 2.5 b) and d) for δHout
and in figure 2.5 c) and e) for
a
a
δHin . In the case of δHin , the Mz component of the magnetization follows exactly
the same dynamics, as the phase of the oscillations measured is given by this torque
a
term. However, in the case of δHout
, the phase of the oscillations measured is not
given by the torque term but by the starting position with respect to the equilibrium
direction in the z direction, leading to a precession with opposite phase for opposite
applied field.
Finally, the oscillations of the Mz component of the magnetization are centered
a
around the starting position in the case of δHin
and start at the point of a sinusoidal
behaviour with the highest slope, as shown in figure 2.5 c) and e), while the oscillations
a
triggered by δHout
are off-centered and start at the point of a sinusoidal behaviour
with the smallest slope, as shown in figure 2.5 b) and d).
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This discussion aimed to show that the effects produced by this photo-induced
magnetic anisotropy are very rich and allow a large possibility of control on the spin
reorientation triggered, despite the fact that we limited the discussion to specific
configurations and for a particular iron garnet film.
Technological applications of opto- and photo-magnetism
The inverse Faraday effect has been shown to produce large angle spin reorientation
and even switching, but at the cost of high pump fluence. On the other hand, photoinduced magnetic anisotropy only produces small changes of the anisotropy field. For
practical technological applications, however, one would prefer to use less intense light
while still being able to reverse the magnetization, first of all not to damage the sample
and also because it will be less energy consuming. Research on the enhancement of
those opto-magnetic effects and the search of materials exhibiting strong effects is
thus important for applications.
In addition, this manipulation of spins with light would be even more interesting on
a nanometer scale, to compete with the ever increasing integration in chips. However,
with laser light we are limited by the diffraction. Surface plasmon polaritons are
expected to be able to solve both problems simultaneously, by enhancing the optoand photo-magnetic effects and by focusing the laser light below the diffraction limit.
This is the subject of the next section.

2.3 Surface Plasmon Polaritons
2.3.1 SPP dispersion on a flat surface
Surface Plasmon Polaritons (SPPs) are transverse magnetic electromagnetic waves
confined at the interface between a metal and a dielectric [77, 78], as shown in figure 2.6 b). From the solutions of the Maxwell equation in each material and the
boundary conditions at the interface between these two materials, one can derive the
dispersion relation of this SPP. The electric E and magnetic H field in the region d
of the dielectric and in the region m of the metal can be written as:
(Exd , 0, Ezd )e(ikspp x−kd z−iωt)
(0, Hd , 0)e(ikspp x−kd z−iωt)

Ed
Hd

=
=

Em
Hm

= (Exm , 0, Ezm )e(ikspp x+km z−iωt)
= (0, Hm , 0)e(ikspp x+km z−iωt)

(2.31)
(2.32)
(2.33)
(2.34)

where ω is the frequency of electromagnetic wave and kspp is the wave-vector of the
SPP in the x direction of propagation while kd,m is the wave-vector component in the
z direction. The confinement of the wave implies for the real parts ℜ(kd ) > 0 and
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Figure 2.6: An illustration of the Surface Plasmon Polariton (SPP) properties. a)
Electric field confinement in the dieletric δd and in the metal δm . b) Transverse
magnetic character of the SPP at the interface between a dielectric and a metal. c)
Dispersion curve of a free photon h̄k0 and that of a SPP kspp for the same frequency
ω0 which shows that they don’t couple directly.
ℜ(kd ) > 0. The continuity of the tangential component of the electric and magnetic
field gives us the following relation:
Exd
Hd

= Exm = Ex
= Hm = H

(2.35)
(2.36)

Using the Maxwell equation ∇ × H = δD
δt with D = ǫd,m ǫ0 E in the dielectric and
metallic region where ǫd and ǫm are the dielectric functions of the dielectric and the
metal respectively, one obtains:
Hkd
−Hkm
iHkspp
iHkspp

= −iωǫd ǫ0 Ex
= −iωǫm ǫ0 Ex
= −iωǫd ǫ0 Ezd

= −iωǫm ǫ0 Ezm

(2.37)
(2.38)
(2.39)
(2.40)

Combining equations (2.37) and (2.38), one derives that:
ǫm
km
=−
kd
ǫd

(2.41)

Using ∇ × E = − δB
δt with B = µd,m µ0 H where µd and µm are the magnetic
permittivity of the dielectric and the metal respectively, one obtains:
− (iEzd kspp + Ex kd )

−(iEzm kspp − Ex km )

= iωµd µ0 H

(2.42)

= iωµm µ0 H

(2.43)

2.3 Surface Plasmon Polaritons

27

Multiplying equations (2.42) and (2.43) by iωǫd,m ǫ0 leads to:
³ ω ´2
ωǫd ǫ0 Ezd kspp + iωǫd ǫ0 Ex kd =
ǫd µd H
c
³ ω ´2
ωǫm ǫ0 Ezm kspp − iωǫm ǫ0 Ex km =
ǫm µm H
c
Using equations (2.37)–(2.40) and (2.44)–(2.45), we obtain:
³ ω ´2
ǫd µd H = Hkspp 2 − Hkd 2
c
³ ω ´2
ǫm µm H = Hkspp 2 − Hkm 2
c

(2.44)
(2.45)

(2.46)
(2.47)

Leading to:

kd 2

= kspp 2 −

km 2

= kspp 2 −

³ ω ´2

c
³ ω ´2
c

ǫd µd

(2.48)

ǫm µm

(2.49)

Dividing equation (2.49) by (2.48) and replacing with the square of equation (2.41),
one can derive that the dispersion relation of the SPP in the case of µd = µm = 1,
valid for visible optical frequencies, is [78]:
r
ǫd + ǫm
ω = kspp c
(2.50)
ǫd ǫm
This last equation depends on the dielectric function of the materials only. It is
also possible to compute the propagation length L = 1/(2ℑ(kspp )) as half the inverse
of the imaginary part of kspp and the penetration length δd,m = 1/kkd,m k of the
electric field E in both materials, as shown in figure 2.7 for a glass/gold interface.
SPPs in this case can travel up to several µm and the confinement of the electric field
is smaller than the wavelength considered.
Taking the simple approximation of the Drude model for the dielectric function of
the metal ǫm , one can see that SPPs don’t couple to light directly, due to a mismatch
in wave-vector between the light dispersion and the SPP dispersion, as displayed in
figure 2.6 c). This decoupling means that SPPs on a flat surface only decay by losses
in the metal, letting them propagate over significant distances of some 100 µm [79] if
the losses in the metal are low, which is the case for gold or silver and a wavelength
in the infrared. The coupling between light and SPPs is however possible, by photon
tunneling in the total internal reflection geometry known as the Kretschmann [80]
and Otto [81] configurations, or by diffraction on a grating [77]. Their confinement
at the surface in a sub-wavelength volume results in an enhancement of the electric
field compared to the light in this region as shown in figure 2.6 a).
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Figure 2.7: Example of the distance of propagation L and confinement in the dielectric
δd and the metal δm of SPP on a flat interface between glass with ǫd = 2.25 and gold,
as function of the light vacuum wavelength λ.

2.3.2 Phenomena due to SPP
This confinement and enhancement of the electric field lead to very interesting properties of nanostructured metallic overlayers. One of them is the extraordinary optical
transmission (EOT) [82, 83], which is an enhancement of the optical transmission
through arrays of sub-wavelength holes compared to what one would expect by just
considering the area represented by the holes. The mechanism can be explained as
follows. The light illuminating the surface couples to SPP due to the grating constituted by the array of holes. These SPPs then conduct the energy of the incident light
through the holes, where they couple to SPPs on the other side of the metallic surface,
from where they radiate back to light. The overall result is an enhanced transmission
for the proper wavelength of light which can couple to these SPP modes.
Second harmonic generation has been shown to be enhanced by the enhancement
of the electric field as well [84]. The sub-wavelength confinement of the light of
the SPP can also be used for lithography with improved spatial resolution greater

2.4 Laser induced acoustic waves
than the diffraction limit [85, 86]. It has also been found that absorption can be
enhanced as well, and even reach 0.9 absorbance within 1 mono-layer of molecules
in an array of sub-wavelength nano-holes [87]. This enhancement of the absorption
could be caused by the light which couples to SPPs propagating parallel to the surface,
virtually seeing a thicker layer than it actually is. It has been shown that magnetooptical properties can also be enhanced by coupling with SPPs [88–90]. It is therefore
reasonable to assume that the inverse opto-magnetic effects can also be enhanced via
similar mechanisms.
The SPP properties are determined by the metal and dielectric as well as the
geometry, which, with current technologies of electron beam lithography or focused
ion beam milling, can be precisely controlled. This leads for example to the realization
of lenses with sub-wavelength resolution [91, 92] and to the beaming of the outgoing
light [93–97]. However, this corresponds to the static control of the SPP only, while
dynamical control of the SPP would be of great advantage, and would open the way for
functional plasmonic circuits. Dynamical changes of the structure geometry is rather
unrealistic but changing the material dielectric function of the metal or dielectric is
possible. Due to the confinement of the SPP at the interface and the enhancement of
the electric field in this region, significant effects can be obtained by altering a very
small volume of material. The switching of a liquid crystal filled array of holes has
been shown to lead to a change in transmission of the structure [98]. A thermally
induced change between the two metallic phases of a Gallium film by a control light
beam resulted in a significant change of the ǫm and subsequently to a change of the
transmission[99]. Even faster approaches involve strong ultrashort laser pulses, which,
when absorbed by the metal, change the electron distribution around the Fermi level.
This leads to a transient change of the dielectric function [100] and as a result, to
a transient change of the transmission on a timescale of about few picoseconds in
metals [101] and semiconductors [102].
However, in all these examples, once the change is induced, one has to wait for
the natural relaxation of the process involved before taking the next step in control,
which thus limits real dynamical control of the SPP. We have studied the effect of
surface acoustic sound waves on the SPP properties and showed that we can coherently
control the EOT in arrays of sub-wavelength nano-holes. The presentation of these
acoustic waves and their generation is the subject of the next section.

2.4 Laser induced acoustic waves
2.4.1 Dispersion relation of phonons
Acoustic waves in a solid correspond to a motion of atoms around their equilibrium
positions, and are often referred to as acoustic phonons [103]. In the case of a one
dimensional di-atomic crystal as shown in figure 2.8 a), with two different types of
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Figure 2.8: a) A 1-dimension crystal lattice with 2 different atoms per unit cell,
having a mass M and m and a displacement in the unit cell n of un and vn . The
size of an unit cell is a. Such diatomic crystal has 2 phonon branches, one optical
which corresponds to vibration inside the cell and one acoustic which corresponds to
vibration between the cells. b) Phonon dispersion calculated for M = 1.5, m = 1
and C = 1. The optical phonon branch ω+ is given by equation (2.59), the acoustic
phonon branch ω− is given by equation (2.60) while ωs = vg k is acoustic branch for
small value of k.
atoms having a mass M and m, one can derive the dispersion relation of the phonons.
Assuming that the displacement of the atoms due to the phonon are small and along
the chain of atoms, describing thus longitudinal waves, one can approximate the
potential energy as a function of the displacement by a harmonic potential. With the
additional approximation that each atom is affected by its 2 nearest neighbours only,
the potential energy of the system U can be written as :
U=

1X
1X
2
2
C(un − vn ) +
C(vn − un+1 ) ,
2 n
2 n

(2.51)

where un and vn are the positions of the atoms of the cell n and C is a force constant.
Using Newton’s equation of motion leads to:
δ 2 un
δt2
δ 2 vn
M 2
δt
m

δU
δun
δU
.
= −
δvn
= −

(2.52)
(2.53)

Assuming a oscillatory wave-form for the displacement in the form of:
un

= uei(kna−wt)

(2.54)

vn

i(kna−wt)

(2.55)

= ve

,
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where ω and k are the frequency and wavevector of the phonon respectively and a is
the distance between the cells, this leads with equation (2.53) to:
(ω 2 m − 2C)u + C(1 + e−ika )v
C(1 + eika )u + (ω 2 M − 2C)v

= 0
= 0.

(2.56)
(2.57)

This sytems has non trivial solution only if the determinant is null, thus:
ω 4 − 2C

2C 2
M +m 2
ω +
(1 − cos ka) = 0
mM
mM

The dispersion relation of the phonon is thus:
v
s
u
´
u M + m³
2mM
t
ω+ =
C
(1
−
cos
ka)
1+ 1−
2
mM
(M + m)
v
s
u
´
u M + m³
2mM
t
(1
−
cos
ka)
ω− =
C
1− 1−
2
mM
(M + m)

(2.58)

(2.59)

(2.60)

and consist of two branches as shown in figure 2.8 b) with one at ω+ which corresponds to optical vibration modes inside the cell, while ω− corresponds to acoustic vibration
modes between the cells. The optical phonon frequency at k = 0 is
p
wb = 2C(M + m)/(mM ) while for
p acoustic phonons, we have ω− (k = 0) = 0 and
the middle gap frequency is ωa = C(M + m)/(mM ). The acoustic branch is almost linear with k for small values of k, which thus means that the phase velocity
vφ = ω− /k and the group velocity vg = δω− /δk are identical for small values of k or
equivalently that acoustic phonons are non-dispersive. The propagation velocity of
such phonon is given by:
s
C
δω−
=a
.
(2.61)
vg =
δk
2(M + m)
As the boundary of the first Brillouin zone is at k = π/a and a is the size of a
unit cell, this approximation of small k is valid for almost all frequencies of practical
application.
In addition to this optical and acoustic longitudinal phonon branches, called LO
and LA, there are similar optical and acoustic transverse phonon branches, called TO
and TA. Depending on the number of atoms per unit cells, several other branches
may exist.
Optical phonons correspond to vibrations of the atoms inside a unit cell and are
thus strongly related to electric dipole Coulomb interactions. They can thus be excited
directly by light in certain cases, in the infrared region usually.
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In addition to the bulk acoustic phonon, acoustic waves with a different dispersion relation can exist at the surface, due to the influence of the free edges on the
force constants. Among others, these are Rayleigh waves [104], with displacements
perpendicular to the surface and Love waves, with displacements parallel to the surface [105]. Lamb waves are coupled surface waves traveling on both surfaces of a
thin plate [106–108]. The velocity of a Rayleigh wave vR is smaller than the transverse velocity vt which is itself smaller than the longitudinal velocity vl and can be
approximated by [109, 110]:
vR = (0.874 + 0.196ν − 0.043ν 2 − 0.055ν 3 )vt ,

(2.62)

valid for −1 < ν < 0.5 where ν is the Poisson ratio.
All these acoustic waves in the bulk and on the surface are related to an induced
stress which is then the easiest way to excite them.

2.4.2 Excitation of acoustic phonons
Piezo-electric materials are usually used to launch acoustic waves in a material via
interdigital transducers (IDTs) [111], where a time dependent electric field induces
a time dependent stress leading to generation of the waves. However, the frequency
of these waves is limited by the electric circuit and by the dimension of the IDT.
Moreover, ultrafast generation of acoustic waves by such devices is not possible due
to the limitation of the electronic part.
Another approach is to use a laser pulse absorbed in a material, which allows
the ultrafast creation of a shock-wave in less than a picosecond [112]. Such a shockwave is composed of a lot of different frequencies, travelling at the same speed as
acoustic phonons and are almost non dispersive. Metallic masks can then be used
to create acoustic waves of a certain frequency, by spatially modulating the absorbed
energy of the laser pulse and thus the stress inside the sample [113–115]. However,
the frequency is determined by the dimension of the mask and again, similar to the
IDT, cannot be changed once the mask is realized. Interference of two laser pulses,
known as laser-induced transient grating (LITG), can also create acoustic waves with
a controllable frequency [116–118] determined by the angle between the two incident
laser pulses.
Acoustic waves are interesting because they can periodically modulate properties
of a material at relatively high frequency, by inducing stress or density changes, leading to a change of its index of refraction, via photo-acoustic coupling or to spin excitations via magneto-acoustic coupling. Moreover, coherent control of acoustic [119, 120]
and optical [121, 122] phonons has been shown.
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CHAPTER

3

Samples

This chapter describes the samples studied in this thesis. It starts with the description of the thin elliptical permalloy dots realized by lithography for the study
of magnetization dynamics in such structures, together with the waveguide and the
photo-conductive switches for the creation of the ultrashort magnetic field pulses to
excite them. It is followed by the description of the magnetic iron garnet in which
the photo-induced anisotropy (PIA) has been observed. The description of the plasmonic structures we designed to study the enhancement of this PIA is then presented,
which includes arrays of sub-wavelength nano-holes and slits milled in a gold overlayer
and dielectric concentric rings of polymethyl methacrylate (PMMA) on top of a gold
overlayer.

3.1 Thin Elliptical Permalloy Dots
To realize fast and reliable precessional magnetization switching, the effective magnetic field Hef f needs to be homogeneous over the whole area of the magnetic bit to
be switched. This means, as explained previously in section 2.1, that the demagnetizing field has to be homogeneous. However, in a dot of an arbitrary shape, this is
not the case. In fact, only ellipsoids display this interesting property [1]. In this case,
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Figure 3.1: A photograph of the waveguide structure with a series of magnetic elements with different shapes.
the demagnetizing field Hdem can be expressed in the form of [2]:




Nx M x
Hdemx
Hdemy  = −4π Ny My 
Nz M z
Hdemz

(3.1)

in the principal axis x, y and z of the ellipsoid where Nx , Ny and Nz are the demagnetizing factors, which depend only on the ellipsoid aspect ratio [2]. However,
technological applications like MRAM 1 devices require the use of thin film technologies for which the elliptical shape can be only realized in the plane of the film.
It is thus of primary interest to investigate the precessional behaviour of such thin
elliptical elements and see if the magnetization dynamics will be really homogeneous.
Thomas Gerrits, H.A.M. van den Berg and Ludwig Bär realized the sample shown
in figure 3.1 by optical lithography and wet-chemical etching in a lift-off process in
Erlangen [3]. The sample consists of a series of thin elliptical Permalloy Ni81 Fe19
elements of various lateral sizes with a constant thickness of 8 nm. The Permalloy
film has a magnetization at saturation 4πMs = 104 Oe, an anisotropy field Hk = 2 Oe
and a Gilbert damping α = 0.008 [3]. From left to right, the L × W dimension as
defined in figure 3.1 are 8×4 µm, 4×8 µm, 4×4 µm, 8×8 µm, 16×8 µm, 16×8 µm,
20×10 µm and 32×8 µm. The calculated demagnetizing factors are presented in
table 3.1.
These elliptical elements are deposited on top of a copper strip-line, which is closed
at one end by a photo-conductive switch realized on the GaAs substrate and shown in
1 Magnetic

Random Access Memory

3.1 Thin Elliptical Permalloy Dots

L × W (µm)
8×4
4×8
4×4
8×8
16×8
20×10
32×8
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Nx (10−3 )
0.62931
1.78781
1.56681
0.78440
0.31490
0.25196
0.11520

Ny (10−3 )
1.78781
0.62931
1.56681
0.78440
0.89490
0.71608
0.95604

Nz
0.99758
0.99758
0.99687
0.99843
0.99879
0.99903
0.99893

Table 3.1: Demagnetizing factors calculated for the thin elliptical element assuming
the case of ideal ellipsoid.

Figure 3.2: A schematic picture of the use of a photo-conductive switch to create a
magnetic field pulse Hp .
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Figure 3.3: A photograph of the complete waveguide structure with the series of
magnetic elements. The enlargement of the area of the switch (bottom) shows that
this actually consists out of two photo-conductive switches that allow for the shaping
of magnetic field pulse [3].

figure 3.2. By use of an ultrashort laser pulse, one can rapidly induce a large density
of free carriers. Consequently, the photo-conductive switch becomes conducting for a
very short period of time, creating a pulse current in the strip-line. Associated with
this current pulse is a magnetic field pulse Hp which is shown on figure 3.2, with a
rise time of about 10 ps, a decay time of about 200 ps and a maximum amplitude of
90 Oe. This ultrashort magnetic field pulse is used to change for a brief moment the
direction in which the effective magnetic field Hef f is pointing, leading to a precession
motion of the magnetization away from the original equilibrium direction. When the
magnetic field pulse disappears, the magnetization is again out of equilibrium and will
precess around the original effective field direction. The complete sample is shown
in figure 3.3 with which we were able to study the precession dynamics of these thin
elliptical elements. Our findings will be presented in chapter 5.

3.2 Magnetic Iron Garnet Thin Films

Figure 3.4: a) Transmission spectrum of a 400 nm thick iron garnet film. b) Kerr
microscope image of an iron garnet sample showing magnetic domains of different
orientation as light/dark gray areas. c) The garnet structure showing the arrangement of the [a]-, {c}- and (d)-sites at the centers of the octahedra, dodecahedra and
tetrahedra, respectively, adapted from [4].

3.2 Magnetic Iron Garnet Thin Films
Iron Garnets are dielectric transparent materials known for their particularly strong
magneto-optical properties. They were popular in the 1970s for application in bubble
memories [5]. While other magnetic garnets exist, compounds derived from yttrium
iron garnet (YIG) will be considered in the rest of this thesis. Its composition is
Y3 Fe5 O12 with a cubic crystal structure, every cell containing eight {Y3 }[Fe2 ](Fe3 )O12
molecules where { } represents a dodecahedral site, [ ] an octahedral site and ( ) a
tetrahedral site, as shown in figure 3.4 c). The lattice constant for YIG is 12.736 Å,
which is very close to the lattice constant of Gd3 Ga5 O12 [6], usually used for this
reason as a substrate to grow thin films of Y3 Fe5 O12 on top of it.
The magnetism in YIG arises from the antiferromagnetic superexchange coupling
of the Fe3+ ions from octahedral and tetrahedral sites through O2− ions. Each of
the iron ions is in a 3d5 electronic configuration and has a magnetic moment of 5µB .
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With 5 Fe3+ ions per unit cell, one is uncompensated, resulting in a magnetic moment
of 5µB per unit formula. YIG is thus an ideal Néel ferrimagnetic [7]. YIG, as well as
other rare earth iron garnets exhibit strong magneto-optical Faraday and Kerr effects,
and substitution of some of the Y3+ ions by some diamagnetic Bi3+ ions is know to
enhance those effects [8].
The films that have been studied in this thesis were grown by liquid phase epitaxy
at the University of Oslo in the group of Prof. Tom Henning Johansen [9–11] and are
of composition Lu2.4 Bi0.6 Fe4.8 Ga0.2 O12 and Lu1.4 Bi0.6 Y1 Fe4.1 Ga0.9 O12 . They also
contain small amounts of Pb impurities due to the growth process and have low
magnetic coercivity. The magnetization usually forms very large domains. From
Vibrating Sample Magnetometer (VSM) measurements, a 4-fold symmetric magnetic
anisotropy has been identified in the film plane, which is consistent with the 90◦
domain formations seen in figure 3.4 b).
These films have been found to displays both Inverse Faraday effect and PhotoInduced Anisotropy [12, 13]. They are thus very interesting materials to search for
the enhancement of opto- and photo-magnetic effects by surface plasmon polaritons.

3.3 Gold Plasmonic Structures
The Iron Garnets presented in the previous section are dielectric and have interesting Magneto-Optical properties. However, in order to enhance these properties via
plasmon-induced confinement of the light, one has to deposit a metal film, like for
example gold, on top of it. Furthermore, in order to couple the light with the plasmon modes of the interface between the Iron Garnet and the gold, particular periodic
structures should be realized in or on top of this gold overlayer.
We have realised three types of plasmonic structures. The first type of structures
consisted out of arrays of sub-wavelength holes, to study the enhancement of the
electric field of light inside the holes. The second type was made of periodic slits,
to investigate the effect of such structures on the polarization of the light. The last
type of structures was made of dielectric concentric rings, to study the enhancement
of the electric field of the light by the focusing of the plasmon at their center [14–16].
The arrays of sub-wavelength holes and slits were milled using a Focused Ion Beam
(FIB) by Gregory Wurtz and Anatoly Zayats in Belfast and by Paul Alkemade in
Delft. The results were monitored with a Scanning Electron Microscope (SEM) and
the images are shown in figure 3.5 for the arrays of nano-holes milled in a 80 nm gold
overlayer deposited on Lu2.4 Bi0.6 Fe4.8 Ga0.2 O12 Iron Garnet. The periodicity between
the holes ranged from 200 to 600 nm, via steps of 50 nm, and for each periodicity,
3 arrays were realised with different hole diameters of 60, 100 and 150 nm. These
arrays were 25×25 µm. Slits were realised in the same sample and the SEM images
are shown in 3.6. These slits have the same periodicity, i.e. from 200 to 600 nm via
steps of 50 nm, and a fixed width of 100 nm, for an area size of 10×10 µm. The

3.3 Gold Plasmonic Structures

Figure 3.5: SEM images of 2 arrays of 25×25 µm of nano-holes with in a) a large
view and in b) a closer view of the holes array having a periodicity of 300 nm and a
hole diameter of 150 nm and in c) a large view and in d) a closer view of the holes
array having a periodicity of 600 nm and a hole diameter of 60 nm.
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Figure 3.6: SEM images of 2 slits having in a) a periodicity of 200 nm and in b) a
periodicity of 600 nm, with a width of the slits of 100 nm.

Figure 3.7: SEM images of 2 concentric rings structures with in a) a large view and
in b) a closer view of the aperiodic concentric rings s7 and in c) a large view and in
d) a closer view of the periodic concentric rings structures s5.
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structure
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r0 (nm)
580

rmax (µm)
37.12

number of rings
64

s6

650

40.30

62

s7

2000

44.45

44

periodicity
periodic with a period of
580 nm
periodic with a period of
650 nm
aperiodic with period
starting at 500 nm and increasing by step of 50 nm
every second step up to
1.55 µm

Table 3.2: . Radius r0 of the first and radius rmax of the last concentric rings of the
different s5, s6 and s7 structures, together with the relation to deduce the radius of
the intermediate rings and the total number of rings.
concentric rings where realised by Igor Smolyaninov in Baltimore in a 100 nm layer
of PMMA spin coated on top of a 50 nm gold overlayer deposited by magnetron
sputtering on top of a Lu1.4 Bi0.6 Y1 Fe4.1 Ga0.9 O12 Iron Garnet. Concentric rings were
then patterned using electron-beam lithography. The realised structures have been
imaged with SEM by Serhiy Vasnyov and are shown in figure 3.7. The geometry of
these rings is given in table 3.2.
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CHAPTER

4

Experimental techniques

This chapter deals with the experimental techniques used in this thesis to study the
ultrafast dynamics in magnetic systems. This will start with a presentation of the
laser system used, capable of producing intense and ultrashort laser pulses of 120 fs
pulse width. This pulses are then used in a pump-probe scheme to access ultrafast
dynamics for which the general principle will be given. Finally, magneto-optical effects
will be presented as well as their application to measure the magnetization dynamics.

4.1 Laser systems
In order to access ultrafast dynamics, which is usually defined as faster than 100 ps,
ultrafast events are required both to excite such dynamics and to measure it. The
fastest events available are laser pulses, that can be shorter than 100 fs from a commercially available system, and even shorter than a femtosecond in laboratories.
The amplified femtosecond laser system from SpectraPhysics used in this thesis
consists of the following units, as shown in figure 4.1:
• a Millennia diode-pumped continuous wave Nd:YVO4 laser
• a Tsunami mode-locked Ti:Sapphire laser
• an Empower Q-switched intra cavity frequency doubled Nd:YLF laser
• a Spitfire pulsed Ti:Sapphire regenerative amplifier
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Figure 4.1: The femtosecond laser system composed of a Tsunami Ti:Sapphire laser
pumped by a Millennia diode-pumped ND:YAG laser, and a Spitfire regenerative
amplifier pumped by an Empower Q-switched Nd:YLF laser and seeded by the 80 fs
pulses from the Tsunami.
This system generates 100 fs laser pulses of 1 mJ at 1 kHz repetition rate, reaching
a peak power of approximately 10 GW.
The Tsunami is a mode-locked Ti:Sapphire laser [1] operating at 82 MHz repetition rate. The large bandwidth of a Ti:Sapphire crystal of about 300 nm centered
around 800 nm ensures that around 250,000 modes are amplified in the cavity. The
mode-locking operation mode where ultrashort pulses of 80 fs are generated is first
initiated by a standing wave acousto-optic modulator driven at the same frequency
as the cavity mode spacing. This ensures that every amplified cavity mode is phase
locked with respect to all others. The interference between all these amplified cavity
modes creates the ultrashort pulses. They are then passively mode-locked by a nonlinear device known as Kerr lens. In this device, the pulse generated in the cavity is
focused through an aperture. On the other hand, the continuous mode operation is
not focused by this Kerr lens due to is low intensity and thus mostly stopped by the
aperture. This way, the mode-locking becomes self-stablized and the acousto-optic
modulator is not further required. This Tsunami is pumped optically by the 5 W continuous output from a Millennia solid state diode-pumped ND:YVO4 laser at 532 nm
and produces around 700 mW of averaged power. The output of the Tsunami was
directly used for the experiment shown in chapter 5 which didn’t require high pump
fluence while it was further amplified by the Spitfire for the experiments presented in
chapters 6 and 7.
The Spitfire is a regenerative amplifier [2] which is optically pumped by the Em-

4.2 Pump-probe techniques

Figure 4.2: a) Schematic view of a standard pump-probe scheme with laser beams in
continuous lines and electric wires in dashed lines. The pump beam is delayed through
a delay line controlled by a computer and modulated by chopper. The transmitted
intensity of the probe is detected by a photo-diode and amplified by a lock-in amplifier
synchronized with the chopper. The amplitude of this signal is then recorded by a
computer. b) Represents the sequence of pulses, with the pump at 500 Hz, the probe
at 1 kHz and at a delay ∆t after the pump, and the transmitted probe which is
affected by the pump every second pulse, thus modulated at 500 Hz.

power Q-switched intra cavity frequency doubled Nd:YLF laser at 527 nm and 8 W
of power with 1 kHz repetition rate of 250 ns wide pulses. The output pulse from
the Tsunami is first temporally stretched by multiple reflections on grating mirrors
to increase the efficiency of the amplification and to avoid damage. It is then injected
in the Spitfire cavity together with the wide pulse from the Empower, by switching a
Pockels cell with a synchronized high voltage pulse applied to it. The cavity is then
closed and by multiple reflection inside the cavity, the energy form the Empower pulse
is converted to the seed from the Tsunami in the Ti:Sapphire rod of the amplifier.
At the maximum of this amplification, the amplified seed is released from the cavity
by switching a second Pockels cell. The amplified seed is then compressed temporally
by multiple reflections on grating mirrors, and leaves the Spitfire as a train of pulses
with a width of 120 fs and about 1 mJ of energy per pulse.
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4.2 Pump-probe techniques
To study the ultrafast dynamics of magnetic systems, the ultrashort laser pulses
generated by the laser system described previously are used in a pump-probe scheme.
The principle is shown in figure 4.2. The laser pulse is split into a low and high
intensity part by a glass wedge. The high intensity part, called the pump, is used
to excite the sample. This can be done directly by focusing the laser pulse onto the
sample or indirectly via a magnetic field pulse generated with the help of a photoconductive switch. The low intensity part, referred to as the probe, is used to detect
the changes of a certain property of the sample, like its reflectivity or its polarization
dependent transmittivity. Due to the ultrashort pulse width of 120 fs typically, only
the sample property during this time window is integrated in the measured signal,
giving thus access to the ultrafast dynamics. The time at which the sample property
is measured corresponds to the delay between the pump and the probe, that is to the
difference in the length between the pump and the probe beam path. By changing, for
example, the probe length path with a movable retroreflector mounted on a translation
stage, one can change the delay between the pump and the probe in steps as small
as 10 fs using a displacement of the retroreflector of 1.5 µm. Thus, measuring for
different positions of such delay line, i.e. at different time after the pump, on can
reconstruct the time dependence of the property of interest and access the ultrafast
dynamics of the sample in study.
However, the signal-to-noise ratio is usually too low to use only one laser pulse.
Integration of the signal over several pulses is thus very common. This means that
caution has to be taken that the induced effects relax between two subsequent pump
pulses, that the system is in the same state before each pump event and finally that
the dynamics followed by the system is reproducible.
To increase the signal-to-noise ratio, modulation techniques are usually used. A
simple and effective one is to use a synchronised chopper on the pump which blocks
every second pump pulse, resulting in a pump frequency of 500 Hz. This way, one can
select in the measured signal the frequency component at 500 Hz with for example a
phase lock-in amplifier [3], which corresponds only to the effect induced by the pump.

4.3 Magneto-Optical Effects
Faraday Effect
Macroscopically, magneto-optical effects are described by the change of the dielectric
tensor due to the presence of a magnetic order. The Faraday effect in transmission
and the Kerr effect in reflection occur due to the appearance of off-diagonal tensor
elements in the dielectric tensor. For isotropic materials, the dielectric tensor can be
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Figure 4.3: Geometry of the Faraday effect. An incoming linearly polarized light beam
Ein can be seen as a superposition of two oppositely circularly polarized light beams
ER and EL which travel inside the magnetized material with different velocities vR
and vL . This leads to a dephasing of the circularly polarized light beams at the output
of the sample and results in the rotation of the polarization of the incoming light by
an angle θ.

written as:


1 0
ǭ = ǫr 0 1
0 0



0
0
0 + iQǫr −mz
my
1

mz
0
−mx


−my
mx 
0

(4.1)

where Q is the complex magneto-optical Voigt parameter or coupling constant and
m = (mx , my , mz ) = M/Ms is a unit vector indicating the direction of the magnetization.
The Faraday effect can be seen in the situation shown in figure 4.3 where the
magnetization M is along the z axis and a linearly polarized light beam with an
electric field vector Ein travels through a sample of length L along the z axis. This
linearly polarized light can be decomposed in left-handed and right-handed circularly
polarized light waves that are the eigen-vectors of this system. The Jones vector for
the left-handed circularly polarized light EL is:
 
1
EL =  i 
0

(4.2)

60

Experimental techniques
One can verify that with the dielectric tensor ǭ given by expression (4.1), we have:
ǭEL = ǫr (1 − Q)EL ,

(4.3)

which means that the index of refraction seen by this left-handed circularly polarized
light EL can be approximated for small values of Q by nL = n(1 − Q/2) where
√
n = ǫr . Similarly, one can derive that for the right-handed circularly polarized light
ER the index of refraction is nR = n(1 + Q/2). These two components of the light
will thus travel inside the sample with different speeds vR = c/nR and vL = c/nL
where c = 3.108 m/s is the speed of light in vacuum, and exit the sample of length L
with different phases φR = 2πLnL /λ and φL = 2πLnR /λ, where λ is the wavelength
of the light in vacuum. The recombination of these two dephased circularly polarized
light waves leads to a linearly polarized light Eout with a polarization which is rotated
over an angle θ with respect to the incoming light Ein given by [4]:
θ = φ L − φR = −

πLnQ
λ

(4.4)

The magneto-optical Voigt parameter Q is usually complex, leading to a complex
Faraday rotation angle θ, where the imaginary part gives the ellipticity of Eout arising
from the different absorption rates for the two different circularly polarized waves.
This different index of refraction for left and right-handed circularly polarized light
can be understood from a microscopic point of view. When light propagates through
a medium, its electric field generates motions of the electrons, which is described
macroscopically by the dielectric tensor ǭ. Left-handed circularly polarized light will
drive a left-handed circular motion, and a right-handed circularly polarized light will
drive a right-handed circular motion. In the absence of an external magnetic field,
there will be no difference in these two motions, thus no different index of refraction
for both circularly polarized light waves, and thus no Faraday rotation. However, if a
magnetic field is present, the Lorentz force will be present and will point towards or
away form the center in the case of left-handed or right-handed circularly polarized
light, respectively. Thus, the index of refraction will be different in the two cases and
this difference ∆n will be proportional to the external applied magnetic field and will
lead to the Faraday effect:
2π
θ=
L∆n = V BL,
(4.5)
λ
where V is the Verdet constant and B is the magnetic induction. Comparing equations (4.4) and (4.5) shows that ∆n = −nQ/2.
In case of ferromagnetic materials, a strong magnetization M is already present
without any applied field which is due to the exchange interaction between spins and
which couples to the motion of the electrons by spin-orbit interaction [5–8], resulting
in the Faraday effect in such materials.
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Figure 4.4: Geometry of the Kerr effect
Magneto-Optical Kerr Effect
Let’s consider the reflection from a ferromagnetic material, as shown in figure 4.4,
which dielectric function can be written in the form of equation (4.1). One can then
describe the magneto-optical effect observed in reflection, known as the magnetooptical Kerr effect (MOKE), by a reflection matrix. Such reflection matrix R in the
Jones formalism gives the reflected electric field Er as a function of the incoming
electric field Ei and can be expressed by:
µ

Er
¶

Er s
Er p

= REi
µ
rss
=
rps

(4.6)
rsp
rpp

¶µ

Eis
Eip

¶

,

(4.7)

where the Fresnel reflection coefficients are given by [9]:
rss

=

rsp

=

rps

=

rpp

=

n0 cos φ0 − n1 cos φ1
n0 cos φ0 + n1 cos φ1
−in0 n1 cos φ0 Q(mx sin φ1 + mz cos φ1 )
(n1 cos φ0 + n0 cos φ1 )(n0 cos φ0 + n1 cos φ1 ) cos φ1
−in0 n1 cos φ0 Q(mx sin φ1 − mz cos φ1 )
(n1 cos φ0 + n0 cos φ1 )(n0 cos φ0 + n1 cos φ1 ) cos φ1
n0 cos φ1 − n1 cos φ0
2in0 n1 cos φ0 Qmy sin φ1
−
n1 cos φ0 + n0 cos φ1
n1 cos φ0 + n0 cos φ1

(4.8)
(4.9)
(4.10)
(4.11)

where φ0 is the angle of incidence, n0 is the index of refraction of the surrounding
medium and n1 the index of refraction of the material. The angle φ1 is the general-
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ization to complex numbers of the angle of refraction, given by Snell’s law:
n0 sin φ0 = n1 sin φ1
One can rewrite this reflection matrix in the form:
µ
¶ µ
¶
rss rsp
rs
α+γ
=
,
rps rpp
−α + γ rp + β

(4.12)

(4.13)

with:
rs
rp
α
γ
β

n0 cos φ0 − n1 cos φ1
n0 cos φ0 + n1 cos φ1
n0 cos φ1 − n1 cos φ0
=
n1 cos φ0 + n0 cos φ1
−in0 n1 cos φ0 Qmz cos φ1
=
(n1 cos φ0 + n0 cos φ1 )(n0 cos φ0 + n1 cos φ1 ) cos φ1
−in0 n1 cos φ0 Qmx sin φ1
=
(n1 cos φ0 + n0 cos φ1 )(n0 cos φ0 + n1 cos φ1 ) cos φ1
2in0 n1 cos φ0 Qmy sin φ1
= −
n1 cos φ0 + n0 cos φ1
=

(4.14)
(4.15)
(4.16)
(4.17)
(4.18)

where rs and rp are the Fresnel reflection coefficients of a non-magnetic material. α
depends solely on mz and describes the polar (P) Kerr effect. β depends solely on
my and corresponds to the transverse (T) Kerr effect. Finally, γ depends solely on
mx and describes the longitudinal (L) Kerr effect.
From this, one can derive several useful and simple properties of the MagnetoOptical Kerr effect. In the case of the transverse (T) Kerr effect for example, it is
clear that only the intensity of the p-polarized light is affected, meaning that it does
not rotate the polarization of the reflected light if the incoming light is purely s- or ppolarized. The longitudinal (L) and polar (P) Kerr effects both rotate the polarization
of the reflected light, but the polar (P) Kerr effect is maximum at normal incidence
while the longitudinal (L) Kerr effect vanishes in this case.
Furthermore, at normal incidence, where φ0 = 0, the reflection matrix reduces to:
Ã
!
−in0 n1 Q
mz
1
n0 − n1
n20 −n21
(4.19)
R=
0 n1 Q
mz
1
n0 + n1 in
n2 −n2
0

1

0 n1 Q
mz = ρ + iσ,
which is thus proportional to a rotation of a complex angle θ = −in
n20 −n21
corresponding to a rotation ρ and an ellipticity σ. This describes the Polar Kerr
rotation of the polarization of the reflected light, which is equivalent to the Faraday
rotation in transmission. This rotation is thus proportional to the amount of magnetization in the z direction. Similar expressions can be derived for the longitudinal
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Figure 4.5: Scheme of a balanced-diodes bridge to measure the Faraday rotation ρ.
Kerr effect which will also appear to be a rotation proportional to the amount of magnetization in the x direction. However, contrary to the Faraday effect in transmission,
where the bulk magnetization produces the effect, only the magnetization within the
penetration depth of the light from the surface produces the magneto-optical Kerr
effect.
By measuring for different angles of incidence or for different polarizations of the
incoming light, it is possible to measure all the 3 components of the magnetization [10–
14], and even all at once by using a 4-quadrant detector scheme [15–17]. However, in
this work and for simplicity, only the polar (P) Kerr effect at normal incidence or the
Faraday rotation was measured, by use of a balanced-diodes bridge.
Balanced-diodes
To measure the rotation of the polarization of a light beam, a balanced-diodes bridge
was used, as shown in figure 4.5, where a simple scheme for the measurement of the
Faraday rotation is shown. As discussed previously, the Faraday rotation as well as
the polar Kerr effect can be described by a rotation of the polarization of the light
proportional to the amount of magnetization M. The effect of the sample on the light
can therefore be expressed by the following rotation matrix:
µ
¶
cos θ
sin θ
R=
,
(4.20)
− sin θ cos θ
where θ = ρ + iσ ∝ M is a complex angle of rotation, where ρ corresponds to the
rotation and σ to the ellipticity of the Kerr or Faraday rotation. Considering the
Jones vector of the linearly polarized incoming light:
µ ¶
0
,
(4.21)
Ein =
1
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one can deduce that after the sample and for small θ, the polarization state of the
light is given by:
¶ µ ¶
µ
θ
sin θ
(4.22)
≈
Eout = REin =
1
cos θ
At this point, one could think of using a polarizer with a single detector to measure
the component of the light orthogonally polarized with the incoming light. However,
the intensity of this component will depend on θ2 ≈ M2 , thus the sign of the magnetization will be lost. Moreover, the rotation ρ and the ellipticity σ are mixed. Finally,
the square dependence for small values of θ gives a poor signal. For all these reasons,
a different scheme of measurements is used.
A better approach consists of decomposing the outgoing light in two equal intensity
and orthogonally polarized beams. This is realized for example by using a Wollaston
prism oriented at 450 with respect to the incoming electric field Ein , as shown in
figure 4.5. The electric field of the beams A and B are then given by:
µ

EA
EB

¶

=

µ

cos π4
− sin π4

sin π4
cos π4

¶µ ¶ √ µ
¶
2 θ+1
θ
=
1
2 θ−1

(4.23)

The intensity IA and IB detected by the diodes A and B respectively are thus:
∗
IA = EA EA

=

∗
IB = EB EB

=

1
(ρ + 1)2 + σ 2
2
1
(ρ − 1)2 + σ 2
2

(4.24)
(4.25)
(4.26)

The difference U of the signals from the two diodes is thus:
U ≈ IA − IA = 2ρ,

(4.27)

which is thus linear in ρ, and thus in M, and does not depend on the ellipticity
σ. Moreover, the balancing of the diodes leads to a very small difference signal
which allows high amplification without saturation. The noise coming from intensity
fluctuations of the laser beam is also greatly reduced by this bridge in this common
mode noise rejection.
It is even possible, with a small modification of the scheme, to measure the ellipticity σ instead of the rotation ρ. Using a quarter wave-plate inserted before the
Wollaston prism and after the sample, the electric field on the diodes is now expressed
by:
¶
¶µ ¶ √ µ
¶µ
µ ¶ µ
2 iθ + 1
θ
i 0
sin π4
EA
cos π4
(4.28)
=
=
1
0 1
− sin π4 cos π4
EB
2 iθ − 1
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The intensity IA and IB detected by the diodes A and B respectively will now be:
∗
IA = EA EA

=

∗
IB = EB EB

=

1
(−σ + 1)2 + ρ2
2
1
(−σ − 1)2 + ρ2
2

(4.29)
(4.30)
(4.31)

And finally, U will be given by:
U ≈ IA − IB = −2σ,

(4.32)

allowing the measurement of the ellipticity only.
This ability to measure both the rotation ρ and ellipticity σ independently is very
useful in practice. Depending on the wavelength and material used, either the rotation
ρ or the ellipticity σ can give a high signal while the other one can be very small.
Being able to measure both independently ensures that it is always possible to detect
a significant signal proportional to the magnetization.
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CHAPTER

5

Frequency analysis of the magnetization dynamics in thin
ellipsoidal magnetic elements 1

Abstract
We report a full analysis of the magnetization dynamics in thin ellipsoidal Permalloy (Ni80 Fe20 ) elements, made both experimentally, using an all optical pump-probe
scheme based on the Magneto-Optical Kerr Effect (MOKE), and numericaly using micromagnetic simulations. We have found experimentally as well as numerically, that
the precession frequencies shift with the aspect ratio of the element, with stronger
effects for smaller sizes. Moreover, the magnetization dynamics is found to be inhomogeneous, and can be decomposed into three different kinds of localized precession
modes : a low frequency edge mode, a main mode which is composed of several modes
with frequencies close to each other, and some higher-order modes.

5.1 Introduction
The fastest way so far to reverse the magnetization of a magnetic bit in Magnetic
Random Access Memory (MRAM) devices is by precessional switching [1–5]. In
practice, this is done by pulling the magnetization of a thin magnetic element out of
1 Adapted from L. Le Guyader, C. Anceau, A. Kirilyuk, Th. Rasing, D. Berkov and L. Bär Phys.
Rev. B 73, 060402 (2006).
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plane with a short magnetic field pulse. The thus created strong demagnetizing field
will drive the magnetization to the reversed position, at which time the magnetic field
pulse should be precisely switched off. This will stop the magnetization exactly in
the reversed direction without any further oscillations, so called ringing, that would
otherwise slow down the overall reversal process [6–10]. Severals groups have studied
the magnetization dynamics in thin patterned elements [11, 12], including the effects
of defects and the resulting additional damping [13], the localized precession modes
which may exist in such elements [14–17] and approaches for reducing the crosstalk
between neighbouring bits [18, 19]. A particular problem is how to design an optimal
field pulse to switch an element within half a precession period and then stopping the
magnetization without any ringing. In practical cases however, this ringing cannot
be completely avoided, because the magnetization dynamics is not homogeneous in
most element shapes, so the proper magnetic field pulse varies across an element.
In order to address these problems, we have carried out time-resolved experiments
of the precessional magnetization dynamics in thin elliptical Permalloy elements, and
verified these data with micromagnetic simulations. We have found that the aspect
ratio of the magnetic elements influences both the main precession frequency as well as
its overtones. Micromagnetic simulations confirmed the shift of the main frequency
to be due to the change in the shape anisotropy. The appearance of several other
harmonics, both in the experiments and in the simulations, can be attributed to the
deviation of the element shape from a true 3-dimensional ellipsoid.
The dynamics of the magnetization vector M under the influence of an effective
magnetic field Hef f can be described, as explained in the section 2.1.2, by the LandauLifshitz-Gilbert (LLG) equation [20, 21]
dM
α
dM
= −|γ|µ0 M × Hef f +
M×
dt
Ms
dt

(5.1)

For this magnetization dynamics to be homogeneous and to avoid ringing, the
effective field Hef f has to be homogeneous across the magnetic element.
For a homogeneous magnetization configuration, the exchange contribution in the
equation (2.9) vanishes, resulting in the following expression for the effective field
Hef f
Hef f = Hext + Hani + Hdem
(5.2)
with Hext the external applied field, composed of a bias field Hdc and a pulse field
Hp , Hani the anisotropy field and Hdem the demagnetizing field. Because Hext and
Hani are most likely to be homogeneous over the element, inhomogeneities are mostly
related to Hdem , which in turn is directly dependent on the element shape. In fact, for
most shapes the demagnetizing field Hdem is inhomogeneous, with the only exception
of a 3-dimensional ellipsoid [22].
In practice however, a 3-dimensional ellipsoid is difficult to realize, the best alternative being a 2-dimensional thin ellipsoid. We have thus investigated the precession

5.2 Results and discussion

Figure 5.1: a) A photograph of the waveguide structure with a series of magnetic
elements with different shapes. b) Time resolved measurement corresponding to the
Mz component of the magnetization M as a function of time after the pulse field
was generated, measured on the 16×8µm element for an external applied field Hdc =
600 Oe.
dynamics in thin elliptical Permalloy elements which were presented in detail in section 3.1, having different shapes and sizes ranging from 32×8 µm to 4×4 µm latteral
size and 8 nm thickness.

5.2 Results and discussion
5.2.1 Sample and setup
The complete sample design was shown in figure 3.3 and is close to a realistic MRAM
device, as the magnetic elements are deposited on top of a strip line as shown in
figure 5.1 a). The special part of our design is the photoconductive switch, shown
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Figure 5.2: Precession frequency as function of the applied field Hdc , for a pulse field
Hp of 90 Oe for different elements.

in figure 3.2 and presented in section 3.1, with which we create the pulse field Hp
by illuminating it with a short and intense 100 fs pump laser pulse [8]. The typical
characteristics of the created field pulse are a rise time of about 10 ps, a decay time
of about 200 ps and a maximum amplitude of 90 Oe. The magnetic elements are
deposited using RF sputtering and lithography. The measurements of the magnetization dynamics are performed with an all optical pump-probe technique, presented in
section 4.2, with the Tsunami laser presented in section 4.1. The low intensity probe
pulse is delayed with respect to the pump laser pulse via an optical delay line and
focused on the magnetic element with a microscope objective of N.A. = 0.9 and 100x
magnification, resulting in a spot size of about 2 µm diameter. The measurement of
the out-of-plane component of the magnetization Mz , which is proportional to the
polar Kerr rotation of the polarization of the reflected light, was detected with help
of a balanced photo-diodes scheme and lock-in technique [23] and was presented in
section 4.3. A typical time resolved measurement of the Mz component of the magnetization for the 16×8µm element and an applied external field Hdc = 600 Oe is shown
in figure 5.1 b).

5.2 Results and discussion

Figure 5.3: Precession frequency as function of element size for a given aspect ratio.
The points called “0.8×0.4 µm” give the results for this aspect ratio. The real size
is given by the scaling factor, so that a scaling factor of 1 correspond to an element
size of 0.8×0.4 µm. For a scaling factor of 2, the size is 1.6×0.8 µm and so on.
Scaling factor 1, 2 and 4 correspond to simulations, and 10 to measurements. Other
aspect ratios are given by the two other kind of points. The lines correspond to the
theoretical curve, given by equation (5.3). Thickness is allways 8 nm. The applied
field Hdc was 300 Oe.

5.2.2 Precession frequency as a function of the shape and size
One can extract the precession frequency from the time resolved measurement by help
of a Fourier transform. Figure 5.2 presents the measured precession frequency as a
function of the external applied field Hdc , for different sizes and shapes of the elements.
This figure shows that the elements with a larger length than width (L>W), as defined
on figure 5.1 a), like 8×4 µm, have a higher precession frequency than elements with
L<W, like 4×8 µm. This effect is less visible for larger elements, like 32×8 µm.
Micromagnetic simulations [24] were done for elements with similar aspect ratios
but smaller size, like 800x400x8 nm and 2 and 4 times larger ones, in order to limit the
computation times. We have thus simulated elements which are 10, 5 and 2.5 times
smaller than the smallest measured one. The parameters used for the simulation were
4πMs = 10807 Oe, average cristallite size of 10 nm with an anisotropy constant K1
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Figure 5.4: Simulation of the magnetization dynamics as function of the aspect ratio,
showing the higher precession frequency and lower excitation angle for the element
0.8×0.4 µm compared to 0.8×0.8 µm, and even more to 0.4×0.8 µm. The applied
field Hdc was 300 Oe.
= 5000 erg/cm3 , exchange stiffness A = 10−6 erg/cm, which are typical values for
sputtered Permalloy films [25]. The pulse field Hp was 45 Oe with a rise time of 10
ps, a flat top at 45 Oe during 10 ps, and then a decay of 180 ps. The external applied
field Hdc was 300 Oe.
The results of the simulations are presented in figure 5.3, together with the results
of the measurements on the smallest elements. This figure shows that the same shift
in the precession frequency occurs, and that this shift becomes larger for smaller
elements, in good agreement with the measurements. One should also note that the
precession frequency of a circular-shaped element (L=W) is not really affected by its
size in the range studied.
This higher precession frequency for elements with L>W can be fully related to the
demagnetizing field Hdem . The component of Hdem that compensates the external
applied field Hdc is −Nx 4πMx , where Nx and Mx are the demagnetizing coefficient
and component of the magnetization M respectively, in the x direction. As Nx is
smaller in the case of L>W than L<W, the effective field will be higher in that case,
resulting in a higher precession frequency for elements with L>W than for elements
with L<W. Similarly, figure 5.4 shows that the excitation amplitude is larger for
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the elements with L<W. This can also be understood with the help of Hdem . At
the begining of the excitation, the magnetization starts to move towards the pulse
field Hp , resulting in a component of Hdem which is −Ny 4πMy , where Ny and My
are the demagnetizing coefficient and magnetization component respectively, in the y
direction. This component of Hdem will partly compensate the pulse field. As Ny is
smaller in the case of L<W than for L>W, the effective pulse field will be higher in
that case, resulting in a higher excitation amplitude for elements with L<W than for
elements with L>W.
For small excitations, the macrospin model approximation for equation (5.1) gives
the precession frequency f as [26]
f=

|γ|µ0
2π

q
|(Hdc + 4π(Ny − Nx )Ms )(Hdc + 4π(Nz − Nx )Ms )|

(5.3)

where |γ|µ0 = 2.21 105 Hz.m/A and Nx , Ny , and Nz are the demagnetizing coefficients for a 3-dimensional ellipsoid [27]. The lines in figure 5.3 are calculated in this
way, and make the link between experiments, which are difficult to realize on small
elements, and simulations, which are difficult to realize on large elements.

5.2.3 Localized modes
As mentioned above, only for a real 3-dimensional ellipsoid the magnetization dynamics is really homogeneous. For our elliptically shaped thin film elements, the
magnetization dynamics is expected to be inhomogeneous and will consist out of
several modes. These localized modes can be found from the simulations using the
following procedure [14]. First one calculates the power spectrum of each individual
cell in which the element has been decomposed for the micromagnetic simulation.
For this we used the Lomb-Scargle periodogram [28, 29] instead of the usual Fourier
transform, as the time series given by the simulation program are not evenly spaced.
One then takes the summation of each of these power spectra over the whole element. This way we prevent some modes to be hidden in the averaged magnetization.
Finally, for each of the revealed modes, the spatial distribution of the power at the
mode frequency is plotted. This results in a gray-level picture of the element related
to the amplitude of the modes, where white and black indicate maximum and zero
amplitude respectively. This way the localization of various modes in the element can
be visualized, as shown in figure 5.5.
The parameters we used for the simulation are the same as before, except for the
element size which is here 400x200x8 nm, and the external applied field Hdc which
is 0 Oe in this case. The latter is done to pump energy in more modes, in order to
make them visible in the spectrum.
All modes present in the element can be classified in three categories. The first
one is the main mode, which corresponds to the resonant frequency for the effective
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Figure 5.5: Simulation of the power spectra and the associated modes for an element
size of 400x200x8 nm for an applied field Hdc of 0 Oe and 600 Oe.
field Hef f , as already shown in figure 5.3 and follows from equation (5.3). In fact, due
to the inhomogeneous demagnetizing field in the element, this main mode is split in
two complementary modes, as shown on figure 5.5, with close frequencies at 4.42 GHz
and 5.31 GHz. This can explain the beating observed in figure 5.1 b). The second
one is the edge mode, localized at the extreme edges of the element, with a precession
frequency of 2.48 GHz, as shown in figure 5.5. Finally, there are several modes at
higher frequencies, which are highly localized and possess higher symmetry patterns
and much less oscillation power than the main modes. These modes are very sensitive
to the simulation parameters, like the size of the elements or the applied magnetic
field, so at present, it is not possible to relate them to experimental observations.
Because the elements we simulated are much smaller than the ones we measured,
we cannot quantitatively compare their spectra. On the other hand, we can qualitatively compare the spectra obtained from our measurements, shown in figure 5.6 a),
with those obtained from the simulations, shown in figure 5.5. In order to resolve
the edge mode, we measured both in the middle of the element and on its edge, as
shown in figure 5.6 b). The power spectra obtained on the edge of the element and

5.3 Conclusions

Figure 5.6: a) Measurement of the precession dynamics and resulting power spectra
using a pulse field Hp of 90 Oe with different applied bias fields Hdc . Arrows indicates
the position of the edge mode. b) Photography showing where the probe pulse was
focused to measure the edge and middle position.
shown in figure 5.6 a) always display an extra bump compared to the power spectra
obtained in the middle of the element. This extra bump is close to the main mode
but at a lower frequency and can thus be identified as the edge mode. In addition,
this extra bump scales with field, which is in agreement with the simulations. As this
extra bump does not appear on the other side of the main modes, it cannot be noise,
which would more likely appear at higher frequencies. The decomposition in edge
mode, main modes, and higher modes is thus confirmed by our experiments.

5.3 Conclusions
An experimental and numerical spectrally resolved study of the magnetization dynamics in thin ellipsoidal Permalloy element was carried out in order to investigate
the effect of the aspect ratio and size of the element on the magnetization dynamics.
The presence of localized modes was shown experimentally as well as numerically with
micromagnetic simulations. The aspect ratio of the elements was shown to produce a
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shift in the precession frequency, with stronger effects for smaller elements. Moreover,
it was shown experimentally as well as numerically that at least three different kinds
of localized precession modes exist in such magnetic structures : an edge mode at low
frequency, a main mode which can consist of several frequencies close to each other
and higher frequency modes, with a highly localized symmetry. This work is a step
towards a more elaborate control of the magnetization switching for MRAM devices,
as it highlights the complexity and non linearity of its magnetization dynamics.
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CHAPTER

6

Modulation and coherent control of surface plasmon polariton
dispersion by standing surface acoustic waves 1

Abstract
We demonstrate how standing surface acoustic waves (SAWs) induced by an ultrashort laser pulse through arrays of nano-holes in a metal film on a garnet substrate
can be used to modulate and control surface plasmon polaritons (SPP). We have
found that the laser pulses create shock-waves which travel deep inside the substrate.
The probe pulse interacts with these shock-waves which results in a reflection with
Doppler frequency shift, leading to a modulation of intensity and polarization of the
transmitted light at a frequency of about 28 GHz. Moreover, these shock-waves interfere between themselves in the film plane and create a standing SAW, the frequency
of which can be controlled by the periodicity of the arrays. This standing SAWs
modulates the SPP dispersion, and as a result also the intensity of the transmitted
light, at a frequency of several GHz. The polarization of the light is modulated as
well via a strain-induced linear dichroism. Moreover, the coherent control of those
effects by a sequence of femtosecond optical pulses is also demonstrated.
1 Adapted from L. Le Guyader, G. A. Wurtz, P. F. A. Alkemade, A. V. Zayats, I. I. Smolyaninov,
A. Kirilyuk and Th. Rasing, 2 submitted papers
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6.1 Introduction
Surface plasmon polariton (SPP) subwavelength optics is considered to be very promising for the realization of new miniaturized photonic circuits [1]. The ability to create
nanoscale structures in metal films permits the static control of SPPs and has already lead to the discovery of new phenomena [2, 3], like the enhancement of optical
properties such as the fluorescence of single molecules [4], second harmonic generation [5], and the extraordinary optical transmission (EOT) [6, 7] of light through
subwavelength apertures. However, all these examples rely on static control of the
SPP properties, while to realize functional plasmonic circuits, dynamic control is
required as well.
Surface plasmon polaritons are electromagnetic excitations confined at the interface between a metal and a dielectric [8]. SPPs, and the related EOT, are very sensitive to the dielectric function ǫm of the metal and the ǫd of the dielectric, as shown
in section 2.3, notably by the dispersion relation of the SPP given by equation (2.50).
Due to the evanescent nature of a SPP in the direction normal to the interface between
the metal and the dielectric, only the material in its vicinity contributes. As a result,
any modification of the material at this interface will lead to a modification of the
transmission spectrum. For example, the thermally induced change between the two
metallic phases of a Gallium film by a control light beam results in a significant change
of the ǫm and subsequently to a change of the transmission[9]. Also, switching a liquid
crystal filled array of holes has been shown to lead to a change in transmission of the
structure [10]. Similar effects have been observed with a nonlinear material [11, 12]
and absorbent molecules have been used to generate a more permanent change [13].
However, switching of liquid crystals as well as thermally-induced phase changes are
slow switching processes and the relaxation of absorbent molecules are also too slow
to compete with the current technologies for information processing. Strong ultrashort laser pulses present alternative approaches. When absorbed by the metal film,
they change the electron distribution around the Fermi level, leading to a change of
the dielectric function [14]. The dynamics of such process has been investigated and
a transient change of the transmission has been observed in just a few picoseconds in
metals [15] and in semiconductors [16].
All those methods can create, more or less rapidly, a more or less permanent
change in the SPP dispersion relation. However, once the change is induced, one has
to wait for the natural relaxation of the process involved before taking the next step
in control, thus lacking real fast dynamical control of the SPP.
To obtain such control in the relaxation process, in addition to the excitation
process, one needs an excitation localized in the vicinity of the interface, which changes
the dielectric function of at least one of the metallic or dielectric materials. Such
excitation has to be long living in order to be coherently controlled on a time scale that
corresponds to its frequency. Surface acoustic waves (SAW) presented in section 2.4

6.2 Laser induced Acoustic Shock-waves
may be a good candidate for such process. They can be generated by a laser pulse
in structures similar to those showing EOT [17, 18], they are known to change the
dielectric function of the material via the photoelastic effect [19] and coherent control
of acoustic phonons has been shown [20].
We demonstrate how the transmitted light intensity is modulated by a standing
SAW, optically generated by an ultrashort laser pulse absorbed in a dielectric garnet
through a metallic array of sub-wavelength nano-holes. This modulation results from
the changes in the SPP dispersion by the standing SAW immediately after the pump
and remains for more than 3 ns at a frequency of several GHz. This modulation
frequency is shown to depend on the periodicity of the array. The polarization of
the transmitted light is also modulated via an induced linear dichroism. The induced
shock-waves propagating in the bulk of the garnet also lead to a modulation of the light
intensity and polarization, at a higher frequency, due to a Doppler interference effect.
Finally, we show that full coherent control of the modulation by standing SAWs, and
thus of the SPP dispersion, can be obtained using a proper pulse sequence.

6.2 Laser induced Acoustic Shock-waves
The samples are made of 3-5 µm thick single-crystalline Iron Garnet (IG) films of composition Lu2.4 Bi0.6 Fe4.8 Ga0.2 O12 or similar, grown by isothermal liquid phase epitaxy
on a (100) oriented Gadolinium Gallium Garnet (GGG) substrate and presented in
section 3.2. On top of the IG, 40-80 nm thick polycrystalline gold films were deposited,
in which various structures were milled with a Focused Ion Beam (FIB). 25×25 µm2
arrays of nano-holes were fabricated with a periodicity ranging from 200 nm to 600 nm
with steps of 50 nm and with hole diameters of 60, 100 and 150 nm. Scanning electron
microscope (SEM) images of some of these arrays are shown in figure 3.5. In addition
to these, we have also made 10×10 µm2 arrays of slits with a width of 100 nm and
with the same range of periodicities as for the hole arrays. SEM images of some of
these slits are shown in figure 3.6.
Time resolved measurement on all these structures were performed with an optical pump-probe setup as presented in section 4.2, with a laser system presented
in section 4.1 and producing 100 fs laser pulses at 808 nm wavelength, amplified to
1 mJ of energy per pulse, with a repetition rate of 1 kHz. Those pulses were split
into a low and high intensity part by a glass wedge. The higher intensity pulses were
used as a pump after their frequency was doubled by a BBO 1 crystal to 404 nm at
which wavelength the IG is strongly absorbing as shown in figure 3.4(a). The probe
beam remained at 808 nm where the IG is transparent. The delay between the pump
and the probe could be adjusted up to 3 ns with a resolution better than 10 fs by a
delay line in the pump beam path. A synchronised chopper was used for the pump
1 Beta

barium borate, β-BaB2 O4
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modulation which blocked every second pump pulse, resulting in a pump frequency of
500 Hz. After passing through the sample, the probe pulse was split into two orthogonal linearly polarized beams, and their intensity was detected by two independent
identical diodes, as described in section 4.3. The signal Ũ given by each of the diodes
A and B can be decomposed in a dc part U , which corresponds to the signal in the
absence of the pump, and a small ac part u at 500 Hz which corresponds to the signal
induced by the pump. One can write:
ŨA
ŨB

= UA + uA
= UB + uB

(6.1)
(6.2)

The change of transmitted intensity ∆I and the rotation of the polarization of the
probe beam ∆ρ, in the case of small changes can be approximated by:
∆I

=

∆ρ

=

uA − uB + 2uB
uA + uB
=
ŨA + ŨB
ŨA + ŨB
uA − uB
2(ŨA + ŨB )

(6.3)
(6.4)

The bridge is balanced such that UA = UB and we have UA >> ua and UB >> ub .
One can then express the change of transmitted intensity ∆I and the rotation of the
polarization ∆ρ in terms of:
∆I

=

∆ρ

=

uA−B + 2uB
2UB
uA−B
4UB

(6.5)
(6.6)

which depends only on the measured dc signal UB and the ac signals uA−B and
uB that are recorded with two lock-in amplifiers synchronized to the pump pulse
frequency of 500 Hz.
Figure 6.1 shows the change of transmitted intensity ∆I of the probe pulse as
a function of delay time after the pump pulse, for the case of the continuous gold
film and through the perforated array of holes having a periodicity of 300 nm and
a hole diameter of 150 nm. In both cases, some 10 ps after the pump pulse excited
the sample, clear oscillations appear in the change of transmitted intensity ∆I of the
probe.
These oscillations are thus not related to the structure and appear after the thermalization of the excited hot electrons with the phonons in the gold layer, which is
known to happen within 10 ps for this particular gold film thickness [14]. Moreover,
these oscillations last for about 200 ps, which means that it cannot originate from
any kind of electron dynamics. Rather, it should be due to some acoustic phonon
processes.

6.2 Laser induced Acoustic Shock-waves

Figure 6.1: Relative change of the transmitted intensity ∆I as a function of time after
the pump pulse measured through a flat gold film and through an array of holes with
300 nm periodicity and a hole diameter of 150 nm.

Figure 6.2 displays the Fourier transforms of the time resolved data from figure 6.1,
showing a clear peak in the spectrum for the flat gold surface, and an even stronger
one for the hole array, at 28 GHz. The other strong peak at 7.3 GHz for the case of
the array of holes is due to standing SAWs and will be discussed in the next section.
If one would consider a shock-wave propagating back and forth in the d = 80 nm
gold layer, it would form a standing acoustic wave at the frequency of f = v/(2d)
where v is the sound speed in gold. Taking the longitudinal bulk sound speed in
gold [21] of 3.24 km/s yields a frequency of 20.2 GHz which does not match the
observed 28 GHz. This means that this oscillation is probably due to the IG layer. It
should be noted, however, that the oscillations observed here, like any other that we
will discuss in this chapter, do not depend on an external applied magnetic field, and
consequently are not related to magnon excitation in the magnetic substrate. The IG
rotates the polarization of the probe light via the Faraday effect, but this rotation of
the polarization is found to be constant with respect to the pump, and is thus not
detected in these pump probe experiments.
In fact, we can relate this 28 GHz frequency to some part of the probe beam being
reflected by the shock-wave generated by the absorption of the pump beam in the IG,
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Figure 6.2: Spectra obtained for the change of intensity through a flat gold film and
through an array of holes with 300 nm periodicity and a hole diameter of 150 nm.

Figure 6.3: Schema of the Doppler interference effect between the incident probe
beam and a part reflected by the optically induced shock-wave.

6.2 Laser induced Acoustic Shock-waves
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as shown in figure 6.3. The penetration depth δ of the pump pulse is given by:
δ=

λ
4πκ

(6.7)

where κ is the extinction coefficient from the index of refraction ñ = n − iκ of the IG
and λ the vacuum wavelength of the pump pulse. With λ = 404 nm and κ = 0.27 for
this IG [22], we obtain a penetration depth for the pump beam of about δ = 120 nm.
This localized absorption of the energy of the pump pulse induces a stress in the IG
which then relaxes via a shock-wave. One part of this shock-wave propagates away
from the interface, creating constructively from each individual hole a wave-front
which propagates with the bulk longitudinal sound velocity vl of the IG. A small
amount of the probe beam will be reflected by this propagating shock-wave front via
its induced change of the index of refraction of the IG[23]. This reflected beam is then
back-reflected by the gold film towards the detector, where it interferes with the probe
beam which has not been delayed. As the shock-wave travels, a time dependant phase
φ(t) is introduced in the reflected beam, which correspond to the Doppler effect [24]
and is given by φ(t) = 2n 2π
λ vl t, where λ is the vacuum wavelength of the probe
pulse and n is the refractive index of the IG at λ. This time dependent phase φ(t)
can then be seen as a frequency shift, which will correspond to the beating frequency
of the interference observed on the detector. One can then derive the corresponding
sound velocity vl from this measured beating frequency f by:
vl =

fλ
.
2n

(6.8)

With λ = 808 nm, n = 2.34 for this IG at this wavelength [22], this yields a longitudinal
sound velocity of vl = 4.8 km/s. The bulk longitudinal sound speed in yttrium iron
garnet (YIG) is 7.2 km/s [25, 26], but for a IG substituted with heavier atoms, the
sound speed decreases down to 6.7 km/s for Bi0.55 Y2.45 Fe5 O12 [27, 28], partly due to
the increase in density of the material. For the IG used in our experiment, which is of
composition Lu2.4 Bi0.6 Fe4.8 Ga0.2 O12 , all the yttrium atoms are replaced by heavier
lutetium and bismuth atoms, which means that one can expect an even lower sound
speed. This makes the velocity of 4.8 km/s a reasonable value for the bulk longitudinal
sound speed in our garnet.
In the case of a hole array, this Doppler interference effect seems stronger, as
shown both by the time resolved measurement in figure 6.1 and by the spectrum in
figure 6.2, which where obtained with the same pump fluence. This could be explained
by the fact that with holes, more pump light reaches the garnet, leading to a stronger
shock-wave. However, the Doppler shifted reflected beam would then be less reflected
by the perforated gold layer. The overall net effect is thus not clear in such picture.
In addition, this Doppler interference effect appears to have a strong anisotropic
character as a function of the polarization of the probe beam, as shown in figure 6.4,
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Figure 6.4: Polarization of the probe dependence of the Doppler interference effect,
through a array of hole having a 300 nm periodicity and a 150 nm hole diameter, both
for the change of transmitted intensity ∆I and for the rotation of the polarization ∆ρ.
A scanning electron microscopy (SEM) image of the corresponding array is shown in
the corresponding orientation in the inset.

which displays the amplitude of the effect as a function of the angle of the polarization
of the probe beam with respect to the axis of the arrays, both for the change of
transmitted intensity ∆I and for the rotation of the polarization ∆ρ. This Doppler
interference effect is not observable in the rotation of the polarization ∆ρ for the case
of the flat gold film. This is to be expected by considering that nothing could rotate
the polarization of the Doppler shifted beam with respect to the direct probe beam in
such symmetric configuration. The same could be said for the symmetric hole arrays.
However, the modulation of the polarization in this case is probably due to the fact
that the transmission through such an array of holes is polarization dependent if the
holes are not exactly circular but slightly elliptic [29, 30]. The reflected beam from the
shock-wave has in principle the same polarization as the beam going directly to the
detector, but the reflection from the gold structured film has to be again polarization
dependent, in the same way as the transmission was. The result is a Doppler shifted
reflected beam arriving on the detector with a different polarization compared to the
directly transmitted beam, leading to a polarization dependent interference beating.

6.3 Standing Surface Acoustic Waves

Figure 6.5: Time resolved measurement of the change of intensity ∆I and rotation of
polarization ∆ρ through a array of hole having a 300 nm periodicity and a 150 nm
hole diameter.
This is supported by the fact that the Doppler interference effect on the change of the
transmitted intensity ∆I has a maximum along a direction which is a diagonal of the
array, as shown on figure 6.4, meaning that the transmitted intensity is polarization
dependent. This diagonal direction would then correspond to the long axis of the
elliptical hole. However, one would expect in this direction that the polarization
would not be altered. Instead, it also corresponds to a maximum for the Doppler
interference effect on the rotation of the polarization ∆ρ. This suggests that the
nature of this effect is more complicated and probably involves some depolarisation
of the light by the holes or by the plasmon resonance [29, 30].

6.3 Standing Surface Acoustic Waves
At a longer time scale, oscillations with a longer period are observed, as shown in
figure 6.5. In this case, the apparent ’noise’ right after the pump pulse corresponds in
fact to the previously discussed 28 GHz modulation due to the Doppler interference.
The new oscillations, unlike the previous ones, depend on the periodicity of the
arrays. The dispersion relation obtained for these oscillations is shown in figure 6.6
where their frequency is plotted against the inverse of the periodicity p of the array,
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Figure 6.6: Dispersion obtained from (a) the change of intensity ∆I and (b) the
rotation of the polarization ∆ρ of the probe light as a function of the inverse of the
periodicity of the arrays or slits, for arrays with holes diameter of 60, 100 and 150 nm
and slits of 100 nm width.
both for the change of transmitted intensity ∆I and for the rotation of the polarization
∆ρ. For the change of transmitted intensity ∆I, the obtained dispersion matches the
dispersion of an acoustic wave having a velocity of v = 2.0 km/s. This velocity does
not correspond to the longitudinal bulk sound velocity of 4.8 km/s that was previously
estimated for our IG, nor does it coincide with the 1.13 km/s surface sound waves
speed of gold [21] or the 3.24 km/s longitudinal bulk sound speed of gold [21]. Once
again, these oscillations must come from the IG.
As explained previously, the pump pulse, absorbed in the vicinity of the IG interface, generates shock-waves. These shock-waves propagate radially from each individual hole. Note that the propagation velocity may differ depending on the propagation
direction. Thus, inside the bulk the velocity of 4.8 km/s is given by the longitudinal
bulk sound waves velocity vl . Near the surface of the IG, however, the propagation
mode is the surface acoustic wave (SAW). Its velocity vR is smaller than the lon-
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gitudinal and transverse bulk sound waves velocities [31], and can be approximated
by[32, 33]:
vR = (0.874 + 0.196ν − 0.043ν 2 − 0.055ν 3 )vt ,
(6.9)
valid for −1 < ν < 0.5 where ν is the Poisson ratio and vt is the transverse bulk
sound velocity. Considering the Poisson ratio ν = 0.29 and the ratio vl /vt = 1.86 for
YIG[34] together with the vl = 4.8 km/s that was estimated previously yields vR =
2.4 km/s. Considering in addition that the mechanical loading of the IG surface by
the denser gold should decrease the surface sound velocity [35], we can conclude that
the velocity of 2.0 km/s corresponds to the surface sound velocity in this system.
These SAWs propagating radially from each individual hole interfere with each
other, as shown in figure 6.3, leading to only one particular frequency which constructively builds up over the whole array. The wavelength of this resulting standing SAW
has to match the periodicity of the arrays, which then gives the relation f = vR /p, in
agreement with the observed dispersion curve in figure 6.6.
The mechanism responsible for the detection of this SAW in the change of intensity
∆I is most probably the result of a change of the SPP dispersion due to the periodic
photoelastic change of the dielectric function of the IG by the standing SAW. Another
possible mechanism could be the change of the hole size due to the standing SAW.
Though it can not be excluded, we expect the latter effect to be of smaller amplitude
compared to the change of the SPP resonance condition by which the light transmits
through this subwavelength aperture. However, in this experiment, it is not possible to
separate the contributions of those two effects. An additional effect that one can think
of is the modulation of the periodicity of the array, which would lead to a modulation
of the plasmon resonance, and as a result, to a modulation of the transmitted intensity.
In fact, it is not possible for a standing SAW with a wavelength of p to change the
periodicity p of the hole array. Piezoelectricity is also not considered due to its absence
in this IG.
The dispersion relation obtained from the change of intensity ∆I shown in figure 6.6(a) also displays a hole size dependence. While for holes of 100 and 150 nm,
the dispersion is linear with a velocity of 2.0 km/s, the dispersion for holes of 60 nm
diameter does not follow a simple acoustic-phonon behavior. The slope is smaller and
moreover, the dispersion seems to have a non-zero frequency at 1/p = 0. This change
of the dispersion curve of the standing SAW may be due to the increase in the loading
of the surface of the IG by the gold [23, 35, 36].
In addition to the change of transmission ∆I, we have also observed a modulation
of the rotation of the polarization of the transmitted light ∆ρ, for which the Fourier
transform showed several peaks with comparable amplitude. Figure 6.6(b) shows the
dispersion obtained for the first visible peak in the Fourier spectrum. Surprisingly,
this first peak observed for the hole arrays does not correspond to the one observed
in the change of intensity ∆I. The frequency here is lower, and the dispersion clearly
does not pass through the origin. In contrast, the data obtained from the slits does
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Figure 6.7: Amplitude of certain peaks in the Fourier spectrum of the rotation of
the polarization ∆ρ as a function of the probe polarization angle with respect to the
axis of the array of holes, for the structure having a periodicity of 300 nm and a hole
diameter of 150 nm. The scale of the amplitude is the same on both graph which
have been separated to improve the visibility of the 4-fold symmetry.
not show this behaviour, which thus appears to be a particular feature of the hole
arrays.
Figure 6.7 shows the dependence of the rotation of the polarization ∆ρ on the
probe polarization angle made with respect to an axis of the array, for some of the
major modes observed in the Fourier spectra. Each of these modes shows a 4-fold
symmetry with respect to the axis of the array, but with some dispersion in the
orientation of the maxima, being around the diagonal direction of the array. This
4-fold symmetry may be explained if it is a SAW-induced linear dichroisms that leads
to the observed polarization changes. However, in the case of an array, there should
be standing SAWs in the direction of both orthogonal axes of the arrays, which would
both lead to linear dichroism, and as a result cancel each other. However, in the case
of slits, we have observed the effect to be larger by an order of magnitude, which
should then correspond to the true value of the induced linear dichroism due to the
standing SAW propagating in the direction normal to the slits. It thus appears that
the standing SAW for one axis of the arrays is stronger than for the other one and
that we detect this difference, indicating indeed that the structures are not ideal.
Figure 6.8 shows the standing SAW observed for two similar structures on two
similar samples but with different gold thickness. The lifetime of the standing SAWs
in both cases is quite different. In the case of the 40 nm gold film, the oscillations are
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Figure 6.8: Time resolved measurements of the change of intensity ∆I through an
array of periodicity of 400 nm and a hole diameter of 60 nm for the 80 nm thick gold
sample and through an array of periodicity of 410 nm and a hole diameter of 100 nm
for the 40 nm thick gold.

still not really damped after 2 ns but in the case of the 80 nm gold film, they are almost
completely damped after 1 ns. In the case of the 80 nm gold film, the measurements
have been realized through an array of 25×25 µm, having a periodicity of 400 nm
and a hole size of 60 nm, with an IG of composition Lu2.4 Bi0.6 Fe4.8 Ga0.2 O12 . In
the case of the 40 nm gold film, the measurements have been realized on an array of
10×10 µm, having a periodicity of 410 nm and a hole size of 100 nm, with an IG of
composition Lu2.1 Bi0.9 Fe4 Ga1 O12 . We have observed similar behaviour for different
structures on both samples, which means that the difference in the life time is not
related to the slightly different periodicities or the different hole sizes. We have also
checked that it is not due to the size of the arrays by measuring different array sizes
and that the quality of the structures is not responsible for this effect by comparing
the Fourier transform of the SEM images and the SEM images themselves. We also
do not expect a significant change in the life time of acoustic phonon for the two
rather similar IG. The only parameter remaining is then the gold thickness. In fact,
the standing SAWs are damped by radiating energy into the bulk, due to the loading
created by the gold film. The rate of radiation [18, 23] is proportional to the square
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of the gold thickness. This means that the lifetime of the standing SAWs should be
4 times shorter in the case of the 80 nm thick gold film compared to the 40 nm case,
which is in qualitative agreement with our observation.

6.4 Coherent Control of Surface Plasmon Polariton dispersion
Figure 6.9 shows time resolved measurements of the change of intensity ∆I and the
polarization rotation ∆ρ of the probe pulse transmitted through an array of holes,
in the configuration shown in figure 6.10, where two independents pump pulses can
be used. In particular it shows what happens if one uses a second pump to excite a
second standing SAW with a delay corresponding to the creation of opposite phase
oscillations with respect to the previous pump. The amplitude of the oscillations in the
change of intensity ∆I and the polarization rotation ∆ρ is reduced compared to the
case of only one pump. In addition, the result of using two pump pulses corresponds
exactly to the superposition of the effect of two pump pulses independently, as shown
by the dashed curve in figure 6.9. This means that coherent control is possible.
By changing the delay between the two pump pulses, we observe that the amplitude of the oscillations in the change of intensity ∆I and the polarization rotation
∆ρ passes alternatively through a minimum and a maximum, as shown in figure 6.11.
The periodicity between successive minima and maxima is found to be 73 ps in this
case. This is in very good agreement with the half period T1/2 = 75 ps of the acoustic oscillations in this structure, given by T1/2 = p/2vR , where p = 300 nm is the
periodicity of the array and vR = 2.0 km/s is the velocity of the SAWs. This shows
that two pump pulses can be used to start and stop the oscillatory transmission of
the light through the array of holes in a controlled manner.
However, it is also clear that some oscillations remain in the case of a minimum,
showing that the quenching is not perfect. This is partly due to the fact that the
standing SAWs are damped within the time frame that we try to coherently control
them. This indicates that the power of the second pump pulse should be tuned for
each delay between the two pump pulses to get an exact cancellation. This fast decay
of the standing SAW is probably due to the thickness of the gold, which loads the
surface of the IG and forces the standing SAW to radiate energy into the bulk [18, 23].
In addition, several frequencies are present, as shown in figure 6.12. One can see that
the power P in the main peak corresponding to the standing SAW depends on the
time between the pumps, and that it can be reduced (Pr ) or amplified (Pa ), with a
a −Pr
contrast of P
Pa +Pr = 30 %. It also shows that other modes are present in the spectra,
in particular one at 4.4 GHz, which is amplified when the main mode is attenuated.
This mode dephasing is also partly responsible for the not ideal cancellation of the
observed oscillations. These other frequencies are partly due to the not ideal quality
of the structures, in particular the dispersion of the periodicity and the hole shape
within an array. However, it is not a fundamental limit and it can easily be solved
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Figure 6.9: Time resolved measurements of the change of intensity ∆I and polarization rotation ∆ρ through an array of holes having a periodicity of 300 nm and a hole
diameter of 150 nm. The dashed curve corresponds to the sum of the curve labeled
“pump 1” and the curve labeled “pump 2” while the continuous line labeled “pump
1 and 2” corresponds to the measurement with both pumps.
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Figure 6.10: Experimental scheme of the coherent control of the modulation of the
transmitted probe light through an array of nano-holes by the standing SAW with a
sequence of pump pulses. In the inset is shown the modification of the SPP dispersion
by the standing SAWs induced by the pump pulses.
with improved technology of samples fabrication. These frequencies also arise from
the different possible vectors of the reciprocal lattice of a square array of holes. This
can be overcome by using a different structure geometry, like slits or concentric rings.
Moreover, the damping of the standing SAW can be reduced by using a thinner gold
film or a lighter metal. It should thus be possible to excite a single undamped mode
for which the coherent control would be very precise. It would be also interesting to
evaluate the outcome of similar experiments with three of four pump pulses to see
whether full control can also be achieved for a multi-mode system.

6.5 Conclusions
We have reported essential features of the effects of standing SAWs induced by an
ultrafast laser pulse in metallic nanostructures on the SPP dispersion. We have
found that the created shock-waves can modulate the intensity and the polarization
by a Doppler interference effect. Moreover, these shock-waves can couple to a SAW
and interfere with itself to create a standing SAW which frequency is determined by
the periodicity of the array. This standing SAW then changes the SPP dispersion
which leads to a modulation of the transmitted intensity. The standing SAW also
induces a linear dichroism which modulates the polarization of the light. By using
a sequence of pump pulses, we have shown that it is possible to coherently control
those modulations, and thus in particular the SPP dispersion. This work is a step

6.5 Conclusions

Figure 6.11: Time resolved measurement of the change of intensity ∆I and polarization rotation ∆ρ through an array of holes having a periodicity of 300 nm and a hole
diameter of 150 nm for different delay ∆t of the second pump given by the label of
the curve. The arrows indicate cases of near cancellation.
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Figure 6.12: Fourier transform of the time dependent change of intensity ∆I and
polarization rotation ∆ρ through an array of holes having a periodicity of 300 nm
and a hole diameter of 150 nm for two different delays ∆t of the second pump pulse.
Arrows indicate the 2 modes of interest.
towards the development of new devices, in particular for the ultrafast processing of
information.
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CHAPTER

Surface Plasmon Polariton induced magnetic anisotropy

7

1

Abstract
In this chapter, we demonstrate experimentally that femtosecond laser induced surface plasmon polaritons, supported by a gold overlayer on top of a magnetic iron
garnet single crystalline film, can induce a change in the magnetic anisotropy of the
iron garnet. This plasmonic control of the spins appears to be almost two orders of
magnitude stronger than the previously observed photo-induced anisotropy, leading
to interesting new avenues for all-optical ultrafast control of the magnetization.

7.1 Introduction
The development of ever faster technologies to manipulate and store data has recently resulted in the all-optical non thermal manipulation of the magnetization on a
femtosecond timescale. These fascinating results were observed in a wide variety of
materials, including metals, semiconductors or dielectrics with paramagnetic, ferromagnetic and anti-ferromagnetic ordering [1] and has recently lead to the all-optical
switching of the magnetization with an excitation as short as a 40 fs laser pulse [2].
The so-called opto-magnetic effects by which this control of the magnetization by
light is possible include the Inverse Faraday Effect (IFE) [3], and the Photo-Induced
1 Adapted

from L. Le Guyader, I. I. Smolyaninov, A. Kirilyuk and Th. Rasing, submitted.
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Figure 7.1: Scanning electron microscope image of the PMMA structures. The vertical
black bar corresponds to a length of 1 µm on the image.

Anisotropy (PIA) [4, 5]. In most materials, however, these effects are small, and
generally lead to a precession angle of the spins of only a few degrees.
Surface plasmon polaritons (SPPs) [6] supported by a metallic structure on top of a
dielectric material are known to enhance the electric field of light in a sub-wavelength
volume at the interface between the metal and the dielectric [7, 8]. This results in an
enhancement of a great variety of optical properties [9], like the optical transmission
through sub-wavelength holes [10, 11], as well as the enhancement of magneto-optical
effects such as the Faraday rotation [12–14]. Moreover, it is possible with plasmonic
structures such as concentric rings [15, 16] or a single sub-wavelength aperture [17]
to focus a light beam far beyond the diffraction limit.
These developments in the opto-magnetic effects and SPP lead to the question:
would it be possible to combine them? If yes, this would lead to the exciting possibility of all-optical ultrafast control of magnetism on a nanometer length scale. Such
development would mean a fundamental breakthrough with far reaching consequences
for magnetic storage devices [18].
In this chapter, we demonstrate how a 100 fs optical pulse instantaneously triggers
a spin precession in a magnetic iron garnet (IG) by coupling the light via periodic or
aperiodic concentric polymethyl methacrylate (PMMA) rings [19] to the SPP modes
supported by the gold film covering the IG. The polarization and magnetic field
dependences of the effect indicate that it is the electric field of the plasmons that
produces the changes of magnetic anisotropy which appear to be strongly enhanced
compared to the ordinary photo-induced anisotropy changes.
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7.2 Experiment
The sample was a 1 µm thick single-crystalline Iron Garnet (IG) film of composition
Lu1.4 Bi0.6 Y1 Fe4.1 Ga0.9 O12 , grown by isothermal liquid phase epitaxy on a (100)oriented Gadolinium Gallium Garnet (GGG) substrate, as described in section 3.2.
On top of the IG, a 50 nm thick polycrystalline gold film was deposited using magnetron sputtering. A 100 nm thick overlayer of PMMA was then spin coated and
patterned using electron beam lithography, to realise various concentric rings, as
shown in section 3.3. Three typical structures will be considered here which scanning
electron images are shown in figure 7.1. The first of them, referred to as s5, has 64
concentric rings with a periodically changing radius from 0.58 µm to 37.12 µm, via
steps of 580 nm. The second one, called s6, has 62 concentric rings with a periodically changing radius from 0.65 µm to 40.3 µm, via steps of 650 nm. The last one,
named s7, has 44 concentric rings with an aperiodically changing radius from 2 µm to
45.5 µm, by increasing the radius by 50 nm every second step, starting from 500 nm
and reaching 1.55 µm. As the SPP wavelength λSP P is difficult to predict exactly,
due to great variation in the imaginary part of the dielectric function of a gold layer,
we realized s5 to be close to 3.5λSP P and s6 to be close to 4λSP P . The structure s7
was made aperiodic in the hope that the plasmon resonance will occur for some of the
gaps between the PMMA rings. This last strategy proved to be the most successful.
Time resolved measurements on all these structures were performed with an all
optical pump-probe setup, presented in section 4.2, with 100 fs laser pulses at 776 nm
wavelength, amplified to 1 mJ of energy per pulse, with a repetition rate of 1 kHz, as
described in section 4.1. Those pulses were split into a low and high intensity part by
a glass wedge. The higher intensity pulses were used as a pump after their frequency
was doubled by a BBO crystal to 388 nm , at which wavelength the IG is strongly
absorbing [20]. In this way, only the surface of the IG was excited, precisely where
the electric field of the pump should be enhanced by the SPP and no additional
bulk effects should be induced. The pump fluence was about 3 mJ/cm2 , covering
all the structure. The probe beam remained at 776 nm to probe the magnetization
dynamics in the transparency region of the IG, as shown in figure 3.4 a), via the
Faraday effect [20]. The delay between the pump and the probe could be adjusted up
to 3 ns with a resolution better than 10 fs by a delay line in the pump beam path. A
synchronised chopper was used for the pump modulation which blocked every second
pump pulse, resulting in a pump frequency of 500 Hz. After passing through the
sample, the probe pulse was split into two orthogonal linearly polarized beams, and
their intensity was detected by two independent identical diodes, as described in
section 4.3. The difference in their signals, normalized by the transmitted intensity,
corresponds to the rotation of the polarization and was recorded via a lock-in amplifier
synchronized to the pump pulse frequency of 500 Hz.
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Figure 7.2: Time resolved rotation of the polarization ∆ρ for two different external
applied magnetic field H+ and H− and two polarization of the pump α+ and α− .

7.3 Photo-Induced Anisotropy
Time resolved Faraday rotation measurements through the IG are shown in figure 7.2
for an external magnetic field of Hdc = 200 Oe applied at an out of plane angle of
about 20 degrees, for two opposite directions referred to as H+ and H− . For each
field, two different polarizations of the pump where used where α+ referred to as
α = π/4 and α− referred to as α = −π/4. Here α is the angle between the electric
field E of the pump pulse and the in plane component of the magnetization M as
shown in figure 7.3. Figure 7.2 shows that right after the pump pulse arrives on
the sample, oscillations appear in the rotation of the polarization ∆ρ of the probe
pulse. This rotation is proportional to the Mz component of the magnetization M
by probing at normal incidence [21]. These oscillations correspond to the precession
of the magnetization M as shown by the dependence of their frequency f as function
of the external applied magnetic field Hdc . The latter is displayed in figure 7.4 and
follows the Kittel formula for this geometry [22]
f=

|γ|µ0 p
(4πMs + Ha + Hdc )(Ha + Hdc ),
2π

7.3 Photo-Induced Anisotropy
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Figure 7.3: Geometric configuration of the experiment.

where |γ|µ0 = 17.6 MHz/Oe is the gyromagnetic ratio and Ha is the anisotropy field.
The fit to the measurements gives a magnetization at saturation of 4πMs = 1.25 kG
which is a reasonable value for this IG and Ha = -40 G which probably includes an
offset in the measured field.
The precessions shown in figure 7.2 are triggered by a photo-induced change of
the magnetic anisotropy (PIA), as described in section 2.2.2, resulting in the creation
of a long living magnetic field δH. This field can be written in the crystallographic
xyz frame of the IG as [4, 5]





δHx
A sin ζ[sin 2θ sin φ + cos 2θ cos φ]
 δHy  = E02 Ms  A sin ζ[sin 2θ cos φ − cos 2θ sin φ]  ,
δHz
D cos ζ

(7.1)

where E0 is the amplitude of the electric field E of the pump pulse, A = χxxxx and
D = χzxxz are two independent tensor components of the fourth rank polar tensor
of the 4mm point group describing this effect, ζ is the out of plane angle of the
magnetization M, θ is the in plane angle of the electric field E, i.e. its polarization
and φ is the in plane angle of the magnetization M. It is however simpler to express
this PIA in the x′ y ′ z frame attached to the in plane component of the magnetization,
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Figure 7.4: Precession frequency as a function of the external applied magnetic field
Hdc .

as shown in section 2.2.2, for which case one obtains



A sin ζ cos 2α
δHk
 δHin  = E02 Ms  A sin ζ sin 2α  .
D cos ζ
δHout


(7.2)

δHk corresponds to a change of the effective field along itself in the case of a small
out of plane component of the magnetization which thus does not trigger significant
magnetization precession. δHin is the in plane PIA, which depends on the polarization
of the pump with a maximum for α+ and a maximum with opposite sign for α− . On
the other hand, δHin does not depend on the direction of the magnetization and
thus does not change between H+ and H− . δHout is the out of plane PIA which
reverses sign if the magnetization switches direction between H+ and H− but does
not depend on the polarization of the pump light, as there is no dependence on α
in its expression. It is thus important to separate these two contributions which are
intermixed in figure 7.2. Consider the following 3 combinations of the measurements
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Figure 7.5: Results of the IN , OU T and N M separation operation for the IG case
with an in plane |Hdc | = 200 Oe.
shown:



IN = H+ , α+ − H+ , α− + H− , α+ − H− , α+
OU T = H+ , α+ + H+ , α− − H− , α+ − H− , α+


N M = H+ , α+ + H+ , α− + H− , α+ + H− , α+

,

where Hi , αj indicate the signal obtained for a particular configuration Hi and αi as
shown in figure 7.2. It follows that for the IN operation, only the effect due to δHin
survives; for the OU T operation, only the effect due to δHout survives, and for the
N M operation, only non-magnetic effects survive. The results of these 3 operations
for the measurements shown in figure 7.2 are presented in figure 7.5. One can check
that for the IN operation, the oscillations of Mz start at the point of the sinusoidal
curve with the highest slope and are centered around the equilibrium direction, which
thus correctly correspond to an in plane change of effective field δHin . In addition,
one can check that for the OU T operation, the oscillations triggered start at the
point of the sinusoidal curve with the smallest slope and are off centered from the
equilibrium direction, which thus correctly corresponds to an out of plane change of
effective field δHout . Finally, no dynamics is visible on NM as one could expect. This
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Figure 7.6: Results of the NM operation of the time resolved measurements of the
rotation of the polarization of the probe light ∆ρ in the case of an in plane Hdc =
550 Oe, through the clean IG surface and for the concentric PMMA structures.
separation thus works well and is thus a correct representation of the PIA.

7.4 Surface Plasmon Polaritons induced magnetic anisotropy
Figure 7.6 shows the results for the NM operation for the pure IG and through the
3 concentric rings structures for an in plane Hdc = 550 Oe. Contrary to the pure IG
case, the structures display oscillations that however have no magnetic origin. Instead,
they are standing surface acoustic waves generated via the spatial modulation of the
energy absorbed in the gold film through the concentric PMMA rings, similar to what
we have shown in chapter 6. For s7, several frequencies are present due to its aperiodic
nature which can be seen on the scanning electron microscope image in figure 7.1.
Figure 7.7 shows the results for the IN operation for the pure IG and through
the 3 structures for an in plane Hdc = 550 Oe. Contrary to the pure IG case, the
structures display no oscillatory behaviour for the same pump fluence.

7.4 Surface Plasmon Polaritons induced magnetic anisotropy
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Figure 7.7: Results of the IN operation of the time resolved measurements of the
rotation of the polarization of the probe light ∆ρ in the case of an in plane Hdc =
550 Oe, through the clean IG surface and for the concentric PMMA structures.

Figure 7.8 shows the results for the OU T operation for the pure IG and through
the 3 structures for a Hdc = 950 Oe applied at about 20 degrees from the plane
of the sample. This time, oscillations with the same frequency are visible for all the
cases. Their amplitudes, plotted in figure 7.9 a), clearly show that there is an absolute
enhancement of the effect through the plasmonic structures, which is about 1.5 times
for structure s7. Moreover, most of the pump light is reflected and absorbed by the
50 nm gold layer. Considering the dielectric function of a gold film from the literature,
we can estimate that 40% of the pump light is reflected and 57% is absorbed by this
50 nm gold film [23]. Thus only about 3% of the pump energy will reach the IG,
giving a maximum enhancement of about 50 times. However, due to the periodic
structure, some part of the pump light couples to the surface plasmon polariton
(SPP) and is subsequently conducted to the IG. The real enhancement, though clear,
is therefore difficult to estimate and is somewhere between these 2 values. In addition,
the oscillations through all the structures are in opposite phase with the clean IG case.
One can understand all these features, together with the absence of δHin effects
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Figure 7.8: Results of the OU T operation of the time resolved measurements of the
rotation of the polarization of the probe light ∆ρ in the case of an out of plane Hdc
= 950 Oe applied at 20 degrees from the plane of the sample, through the clean
IG surface and for the structures. The grayed area emphases the opposite phase of
precession triggered between the IG and all the plasmonic structures.

shown in figure 7.6, by suggesting that the pump pulse couples via the PMMA grating
to the surface plasmon polaritons (SPPs) on the upper gold interface as shown in
figure 7.9 c). Then, those SPPs can tunnel through the gold film to the lower gold
interface and there induce a change of magnetic anisotropy in the IG. This will be
similar to the direct PIA, but strongly enhanced due to the focusing properties of
these concentric rings structures. As shown in section 2.3, SPPs are TM polarized,
there is thus an Ex and an Ez electric field component, as shown in figure 7.9 c).
However, as shown in figure 7.9 b), at the center of the concentric rings where the
focusing of the SPP occurs, the x-components all cancel each other and thus only an
effect due to Ez can be expected. In that case, in the xyz crystallographic frame of
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Figure 7.9: a) Amplitude of the oscillations for the IG and the structures at the
precession frequency. b) Schematic of the focusing effect of the plasmonic lens constituted of concentric rings. The arrows indicates the direction of propagation of the
SPP induced. c) Lateral view of the structures showing that the SPP on a flat surface
are TM polarized with an in plane component of the electric field Ex .
the IG, the PIA can be written as




F sin ζ cos φ
δHx
 δHy  = E02 Ms  F sin ζ sin φ  ,
G cos ζ
δHz

(7.3)

where F = χxzzx and G = χzzzz are different tensor components of the same tensor
as for the PIA. This gives in the x′ y ′ z frame:




δHk
F sin ζ
 δHin  = E02 Ms 
.
0
(7.4)
δHout
G cos ζ

Equation (7.4) shows that in the case of a magnetic anisotropy change induced
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by an SPP, no δHin component appears, in agreement with what we observed in
figure 7.7. Moreover, comparing equation (7.4) with equation (7.2) for δHout shows
that it could have a different strength and possibly a different sign between the clean
IG and the plasmonic structures, which is also in agreement with what we observed
in figure 7.8. Because the efficiency will depend on the periodicity of the rings, a
different strength of the induced effect can be expected for different structures. The
sign, however, is expected to be the same for all the structures, which is also what
we observe. However, the enhancement observed could be solely due to the different
magnitude of the tensor component χzxxz and χzzzz involved and not due to the
focusing properties of this concentric rings structures or the enhancement of electric
field by SPPs.

7.5 Conclusion
In conclusion, we have demonstrated experimentally that surface plasmon polaritons,
excited by femtosecond optical pulses through appropriate periodic structures, can
induce ultrafast changes of the magnetic anisotropy of an underlying magnetic film.
These results demonstrate the possibility for plasmonic control of the spin reorientation, with an enhancement of the effect strength of up to 50 times compared to the
normal photo-induced anisotropy. The pump polarization and magnetic configuration
dependences are different from the usual PIA, also confirming the plasmonic nature
of the effect. However, the amplitude of the precession triggered by the PIA is about
10−3 degrees which is far from a reversal of the magnetization. Experiments with
circularly polarized pump pulses to investigate the plasmonic effects on the inverse
Faraday effect, which have been shown to be able of switching the magnetization,
would be an interesting further development of this work. Our findings open possibilities for the coupling of plasmonic and spintronic devices.

References
[1] A. V. Kimel, A. Kirilyuk, F. Hansteen, R. V. Pisarev, and Th. Rasing, “Nonthermal optical control of magnetism and ultrafast laser-induced spin dynamics
in solids,” Journal of Physics: Condensed Matter, vol. 19, no. 4, p. 043201, 2007.
[2] C. D. Stanciu, F. Hansteen, A. V. Kimel, A. Kirilyuk, A. Tsukamoto, A. Itoh,
and T. Rasing, “All-optical magnetic recording with circularly polarized light,”
Phys. Rev. Lett., vol. 99, no. 4, p. 047601, 2007.
[3] A. V. Kimel, A. Kirilyuk, P. A. Usachev, R. V. Pisarev, A. M. Balbashov, and
T. Rasing, “Ultrafast non-thermal control of magnetization by instantaneous
photomagnetic pulses,” Nature, vol. 435, pp. 655–657, June 2005.

References

115

[4] F. Hansteen, A. Kimel, A. Kirilyuk, and Th. Rasing, “Femtosecond photomagnetic switching of spins in ferrimagnetic garnet films,” Phys. Rev. Lett., vol. 95,
no. 4, p. 047402, 2005.
[5] F. Hansteen, A. Kimel, A. Kirilyuk, and Th. Rasing, “Nonthermal ultrafast
optical control of the magnetization in garnet films,” Phys. Rev. B, vol. 73, no. 1,
p. 014421, 2006.
[6] H. Raether, Surface Plasmons on Smooth and Rough Surfaces and on Gratings.
Berlin: Springer, 1988.
[7] J. Pendry, “Playing tricks with light,” Science, vol. 285, no. 5434, pp. 1687–1688,
1999.
[8] J. R. Krenn, A. Dereux, J. C. Weeber, E. Bourillot, Y. Lacroute, J. P. Goudonnet,
G. Schider, W. Gotschy, A. Leitner, F. R. Aussenegg, and C. Girard, “Squeezing
the optical near-field zone by plasmon coupling of metallic nanoparticles,” Phys.
Rev. Lett., vol. 82, pp. 2590–2593, Mar 1999.
[9] C. Genet and T. W. Ebbesen, “Light in tiny holes,” Nature, vol. 445, pp. 39–46,
Jan 2007.
[10] T. W. Ebbesen, H. J. Lezec, H. F. Ghaemi, T. Thio, and P. A. Wolff, “Extraordinary optical transmission through sub-wavelength hole arrays,” Nature, vol. 391,
pp. 667–669, February 1998.
[11] H. F. Ghaemi, T. Thio, D. E. Grupp, T. W. Ebbesen, and H. J. Lezec, “Surface
plasmons enhance optical transmission through subwavelength holes,” Phys. Rev.
B, vol. 58, pp. 6779–6782, Sep 1998.
[12] N. Richard, A. Dereux, E. Bourillot, T. David, J. P. Goudonnet, F. Scheurer,
and E. Beaurepaire, “Near-field zone analysis of the Faraday rotation of magnetooptical thin films,” J. Appl. Phys., vol. 88, no. 5, pp. 2541–2547, 2000.
[13] J. Bremer, V. Vaicikauskas, F. Hansteen, and O. Hunderi, “Influence of surface
plasmons on the Faraday effect in bismuth-substituted yttrium iron garnet films,”
J. Appl. Phys., vol. 89, no. 11, pp. 6177–6182, 2001.
[14] V. E. Kochergin, A. Y. Toporov, and M. V. Valeiko, “Polariton enhancement of
the Faraday magnetooptic effect,” JETP Letters, vol. 68, pp. 400–403, September
1998.
[15] Z. Liu, H. Lee, Y. Xiong, C. Sun, and X. Zhang, “Far-field optical hyperlens
magnifying sub-diffraction-limited objects,” Science, vol. 315, no. 5819, pp. 1686–
, 2007.

116

Surface Plasmon Polariton induced magnetic anisotropy

[16] I. I. Smolyaninov, Y.-J. Hung, and C. C. Davis, “Magnifying superlens in the
visible frequency range,” Science, vol. 315, no. 5819, pp. 1699–1701, 2007.
[17] T. Thio, K. M. Pellerin, R. A. Linke, H. J. Lezec, and T. W. Ebbesen, “Enhanced
light transmission through a single subwavelength aperture,” Opt. Lett., vol. 26,
no. 24, pp. 1972–1974, 2001.
[18] K. J. Chau, M. Johnson, and A. Y. Elezzabi, “Electron-spin-dependent terahertz
light transport in spintronic-plasmonic media,” Phys. Rev. Lett., vol. 98, no. 13,
p. 133901, 2007.
[19] H. J. Lezec, A. Degiron, E. Devaux, R. A. Linke, L. Martin-Moreno, F. J. GarciaVidal, and T. W. Ebbesen, “Beaming light from a subwavelength aperture,”
Science, vol. 297, no. 5582, pp. 820–822, 2002.
[20] F. Hansteen, L. E. Helseth, T. H. Johansen, O. Hunderi, A. Kirilyuk, and
Th. Rasing, “Optical and magnetooptical properties of bismuth and gallium substituted iron garnet films,” Thin Sol. Films, vol. 455–456C, pp. 429–432, May
2004.
[21] Z. J. Yang and M. R. Scheinfein, “Combined three-axis surface magneto-optical
Kerr effects in the study of surface and ultrathin-film magnetism,” J. Appl. Phys.,
vol. 74, no. 11, pp. 6810–6823, 1993.
[22] C. Kittel, “On the theory of ferromagnetic resonance absorption,” Phys. Rev.,
vol. 73, p. 155, 1948.
[23] D. B. Kushev and N. N. Zheleva, “Transmittivity, reflectivities and absorptivities
of a semiconductor film with a linear variation in thickness,” J. Phys. D: Appl.
Phys., vol. 28, pp. 1239–1243, 1995.

Summary

The current hard drives that one can find in nowadays computers, record the binary
information in small magnetic domains, each of them storing one bit of information.
A small domain magnetized in one direction corresponds to a “0” of the binary information while a small domain magnetized in the opposite direction corresponds to
a “1”. The number of domains per unit area, called the recording density, is an important parameter of the device. This recording density has been pushed to higher
and higher limits by the developing technologies, following a Moore’s Law which says
that this density doubles approximately every 2 years. However, as the amount of
recorded information increases, the time to process this information also increases.
It is thus essential that parallel to this trend of increasing density, the reading and
writing time of this information reduces, i.e. that the speed of such devices increases.
This demand leads to intense research on the dynamics of magnetic switching
as well as the appearance of many novel schemes. One of them is the precessional
switching, where a carefully tuned magnetic field pulse is applied perpendicular to
the magnetization and induces its reversal. This process implies among others a
homogeneous magnetization dynamics across the magnetic domain. We have thus
investigated this homogeneity in thin elliptical elements and found that contrary to
what would be required for reliable storage, the magnetization dynamics was inhomogeneous and could be decomposed in different localized precession modes.
Novel ways of controlling the magnetization orientation appeared recently, that
allow for an ultrafast control of the magnetization with 100 femtosecond laser pulses.
However, for application in high density media, these techniques are not applicable
due to the fundamental diffraction limit. The latter does not allow to focus a laser
beam below half the wavelength used. One way to overcome this limit is to use surface
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plasmon polaritons (SPPs) instead of light, which are electromagnetic waves similar
to light and propagating on a metal surface. Such SPP can achieve hyperfocusing with
a spatial resolution of a few tens of nanometers which can be compatible with forthcoming high density patterned media. We have investigated what kind of dynamic
control one can have with such SPPs and whether the control of the spin orientation
is possible with them. We found that laser pulses passing through a plasmonic structure constituted of an array of sub-wavelength holes in a metallic gold thin film and
absorbed in the substrate can induce a standing surface acoustic waves (SAWs) which
in turn modulates the SPP dispersion. This allows for the ultrafast coherent control
of these SPPs via the coherent control of standing SAWs. In concentric dielectric
rings on a homogeneous gold film on top of a magnetic iron garnet, we have found
that laser pulses can couple to SPP, the latter being able to induce an ultrafast and
non-thermal change of the magnetic anisotropy field allowing for the control of their
reorientation.
These results emphasize the importance of spatial homogeneity of the magnetization dynamics and open a new exciting road for plasmonic chips where the processing
and storage of information can be combined on a nanometer scale and at the speed
of light.

Samenvatting

In de huidige harde schijven van computers wordt de binaire informatie opgeslagen in
kleine magnetische domeinen. Een domein gemagnetiseerde in een bepaalde richting
komt bijvoorbeeld overeen met een binaire “0”, terwijl een domein gemagnetiseerd
in de tegenovergestelde richting overeenkomt met een “1”. Het aantal domeinen per
oppervlakte-eenheid, oftewel de dichtheid, is een heel belangrijke parameter vanwege
de als maar groeiende behoefte aan data opslag. Net als de dichtheid van transistoren
op een chip, vertoond deze opslag capaciteit een exponentiële groei die vrij goed
beschreven wordt door de wet van Moore, welke zegt dat de dichtheid ongeveer elke
twee jaar verdubbelt. Echter, als deze dichtheid wordt verhoogd, gaat de tijd om deze
informatie weg te schrijven ook omhoog. Het is dus belangrijk dat bij een verhoging
van de dichtheid, het lezen en schrijven van de informatie versneld wordt.
Deze ontwikkelingen hebben de laatste jaren geleid tot intensief onderzoek op het
gebied van de dynamica van magnetisme en naar nieuwe methoden om de magnetisatie
sneller om te kunnen draaien. De tot nu toe snelste methode is via een precessie
beweging waarbij gedurende een korte periode een uidwendig magneetveld loodrecht
op het te schakelen domein wordt aangelegd. Door een succesvole toepassing van
deze methode is het belangrijk dat de magnetisatie binnen het domein homogeen is.
We hebben daarom de magnetisatie dynamica van elliptische magnetische elementen
bestudeerd met een in ons laboatorium ontwikkelde nieuwe methode. Hierbij werd de
magnetisatie precessie geinduceerd door een korte magneetveld puls welke gegenereerd
werd met behulp van een fotogeleidende schakelaar. De resulterende dynamica werd
bestudeerd met tijdopgeloste magneto-optische metingen met een tijdsresolutie van
enkele femtoseconden (één femtoseconde is een miljoenste deel van een miljardste
seconde). De resultaten laten zien dat de dynamische response van deze elementen
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niet homogeen is en dat de precessie frequentie dus plaats afhandelijk is, hetgeen
belangrijke consequenties heeft voor toepassingen.
Onlangs is in ons laboratorium in Nijmegen een nieuwe methode ontdekt om de
magnetisatie extreem snel te kunnen manipuleren met behulp van zeer korte (∼100
femtoseconden) optische laser pulsen. Echter, om deze methode te kunnen gebruiken
voor toekomstige opslagmedia met zeer hoge dichtheden, moet er een manier gevonden
worden om deze optische pulsen to focuseren op nanometer schaal (één nanometer is
een miljardste deel van een meter). Hierbij stuit je op een fundamenteel probleem: de
diffractielimit, die aangeeft dat licht maximaal gefocuseerd kan worden tot een afmeting van ongeveer de halve golflengte. Voor zichbaar licht betekend dit ongeveer 300
nanometer, wat veel te groot is voor de beoogde toepassing. Een manier om licht op
nanometer schaal te kunnen manipuleren is door gebruik te maken van zogenaamde
“oppervlakte plasmon-polaritonen” (OPP). Dit zijn collective excitaties van de electronen in een metaal, welke gelocalizeerd zijn aan het oppervlak en welke, met behulp
van speciale structuren, gefocuseerd kunnen worden tot enkele tientalle nanometers.
Dit komt ongeveer overeen met de dichtheid van de toekomstige opslagmedia. We
hebben onderzocht of en hoe we met behulp van dergelijke OPP structuren de magnetisatie dynamica knunnen manipuleren. Een van de gebruikte structuren was een
rooster van sub-golflengte gaten in een goud film bovenop een magnetisch substraat.
De absorptie van laser pulsen door deze goudfilm produceert staande acoustiche golven op het oppervlak, welke op hun beurt de dispersie eigenschappen van de oppervlakte plasmon-polaritonen beı̈nvloeden. We kunnen deze laatste dus coherent
(fase gevoelig) en op een zeer korte tijdschaal manipuleren en controleren. Een twede
structur bestond uit concentrische diëlectrische ringen bovenop een goud film die weer
bovenop een magnetisch substraat was aangebracht. Met behulp hiervan konden we
de magnetische anisotropie manipuleren op een ultrasnelle en niet-thermische manier,
waarmee vervolgens de magnetisatie gemanipuleerd kan worden op dezelfde korte
tijdschaal.
De beschreven resultaten in dit proefschrift zijn van belang voor snel en betrouwbaar schakelen van magnetische elementen en openen de weg naar toekomstige “plasmonische” chips waarbij verwerking en opslag van informatie op nanometerschaal
wordt gecombineerd met de snelheid van licht.
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