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Chapter 1

General Introduction

We present the general scientific background behind the investigations that led to
the results reported in this thesis. To put our work in perspective, we briefly intro-
duce the field of spintronics, with particular emphasis on the role of magnetization
dynamics from a fundamental and technological point of view. A short historical
review of laser-induced spin dynamics from the roots to the latest developments is
presented, and the main physical phenomena that are the object of this thesis are
introduced. We point out a number of unanswered questions and not completely
understood issues that motivate the experimental and theoretical investigations pre-
sented in this work.

1.1 The quest for smaller and faster

Our journey begins in 1988 with the discovery of giant magnetoresistence (GMR)
by Albert Fert and Peter Grünberg [1, 2]. Giant magnetoresistance refers to the
large changes in electrical resistance observed in thin magnetic films and multi-
layers, depending on their magnetic properties. The most basic GMR structure is
a trilayer composed of a non magnetic thin metal layer sandwiched between two
ferromagnetic layers, sketched in Fig. 1.1(a). Electrons traveling through the stack
will experience a different resistance depending on the relative orientation of the
magnetization of the two magnetic layers. The resistance can thus be manipulated
by an externally applied magnetic field. GMR is generally a large effect (resistance
variations of the order of a few tens percent are relatively easy to obtain in labo-
ratory), and therefore it can be (and is) used to build extremely sensitive devices
that find applications in many different fields. The most important application of
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Figure 1.1: (a) Basic GMR structure composed of a non-magnetic thin metallic
film (NM) sandwiched between two ferromagnetic thin films (FM): the electrical
resistance experienced by an electron traveling through the stack depends on the
relative orientation of the magnetization of the two ferromagnets. (b) Schematic
drawing of an MRAM: an array of TMR elements that can be switched indepen-
dently just by means of an electrical current, each of them representing a magnetic
bit.

GMR is found in magnetic data storage; only ten years after its discovery, GMR-
based read heads for computer hard discs were already commercially available.

Not only the discovery of GMR led to a break-through in magnetic recording
industry, it also marked the birth of spintronics, a new type of electronics where
not only the charge but also the spin of electrons plays a fundamental role. Many
spintronics applications are based on the possibility of creating through the GMR
effect a so-called spin polarized current: a current where the carriers have their
spins oriented in the same direction. A crucial requirement for the development
of spintronics is provided by the small dimensions of the devices. This is due
to the fact that spin decoherence typically takes place over distances of a few to
few hundreds of nanometers. Therefore, in order to make use of the electron spin
in a device, the dimensions of the materials involved must be in the nanometer
range. GMR-based devices are regarded as one of the first major applications of
nanotechnology.

Spintronics is a very clear example of how science and technology can inspire
and influence each other in a positive spiral. It was also because of this incredibly
fertile interplay that the two discoverers of GMR were awarded the Nobel prize
in physics in 2007. Soon after the discovery of GMR, it has been realized that a
similar effect arises e.g. when the middle layer in Fig. 1.1(a) is an insulator [3].
In this case the effect relies on the possibility for electrons to tunnel between
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the two magnetic layers, hence it is called tunneling magnetoresistance (TMR),
and resistances up to several hundreds percent have been reported [4, 5]. The
effect is being used in today’s read heads for retrieving information from computer
hard discs. Another emerging application is the so-called magnetic random access
memory (MRAM) composed of an array of TMR elements as depicted in Fig.
1.1(b). Each element represents a magnetic bit: e.g. a ‘1’ when the two layers are
parallel and a ‘0’ in the other case. Each element can be switched independently
simply by passing an electrical current through it, making it possible to store
information permanently (as the mutual orientation of the layers would not change
unless perturbed by e.g. a magnetic field) and quickly accessible (as no mechanical
parts have to move as in a hard disc). Such an MRAM has therefore the potential
to lead to a new type of universal memory combining high speed (characteristic
of normal RAMs) and non-volatility (characteristic of hard discs). Recently other
applications have been envisioned, based on the spin-torque effect. This effect
refers to the possibility of controlling the magnetic properties of a sample simply
by injecting a spin-polarized current [6]. Bright examples in this direction are
spin-torque oscillators and the so called race-track memory [7].

As magnetic elements in data storage devices and sensors become smaller and
access to information becomes faster, the spintronics community is exploring the
ultimate limits of such devices. These explorations are driven both by the demands
of the industry as well as by the wealth of scientific discoveries that they keep
leading to. It was in this exciting and lively framework that laser-induced ultrafast
demagnetization was first discovered in 1996. Searching for the fastest ways to
induce changes in the magnetic properties of a ferromagnet, Eric Beaurepaire
and Jean-Yves Bigot illuminated a nickel thin film with a short laser pulse of
about 60 femtoseconds, and observed that its magnetization was quenched within
a few hundreds fs only [8]. The discovery of this effect, combined with the large
availability of fs laser sources at the end of the 20th century, led to the development
of a new field of research: laser-induced magnetization dynamics. In the rest of the
chapter we will present this field on general grounds, providing the basic framework
to appreciate the results reported in this thesis.

1.2 Laser-induced magnetization dynamics

The performance of data storage devices crucially depends on how fast the mag-
netic properties of materials can be manipulated. For example the writing speed
on a magnetic hard disc, where information is stored in tiny bits that can have
their magnetization oriented in opposite directions (thus creating a binary ‘1’ or a
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‘0’), is ultimately limited by how fast a memory element can be switched. There-
fore it is important to study the dynamics of spins in ferromagnetic materials on
the shortest time scales.

The simplest way of inducing a dynamic response in a magnetic material is
by applying an external magnetic field. In a ferromagnet under a strong enough
magnetic field all the spins are aligned to give rise to a macroscopic magnetization.
If we suddenly change the direction of the field, the system is no longer in equi-
librium and a reorientation of the spins is necessary to realign the magnetization
to the external field. This usually happens via a coherent damped precession of
the spins around the external field, as described by the Landau-Lifshitz-Gilbert
equation [9, 10]. The frequency of the precession is normally in the GHz range
(corresponding to a period of a few hundred ps) and the reorientation process can
take several nanoseconds, depending on the efficiency of the damping mechanism.
The electrons remain in equilibrium with each other during the precession. A
completely different situation is observed when a magnetic sample is perturbed
by a fs laser pulse. In this case the electrons in the material quickly absorb part
of the laser energy and are brought out of equilibrium. This creates a “thermal
disorder” among their spins that results in a lower magnetization. The demagne-
tization process takes place within a few hundred fs after laser excitation, several
orders of magnitude faster than the time scales involved in precessional dynamics.
Besides its technological relevance, the physics behind such an ultrafast process
is extremely interesting also from a fundamental perspective. In this section we
give a brief review of this phenomenon and introduce the main concepts that will
accompany us throughout this thesis.

1.2.1 Historical review

Pioneering studies of laser-induced magnetization dynamics were performed in the
mid-1980s by Agranat and coworkers [11]. The demagnetization of thin ferromag-
netic films was studied by means of a DC probe laser after pulsed laser heating.
By varying the duration of the pump pulses the authors concluded that the mag-
netization was lost on a typical time scale of 1–40 ns.

The first real-time experiments were performed by Vaterlaus et al. in the
early 1990s by means spin-polarized time-resolved photoemission [12]. Using a
pump pulse of about 10 ns and a probe pulse of 30 ps, the authors estimated that
spin relaxation in gadolinium takes place within (∼ 100 ± 80) ps. Despite the
large error margin, this value was found to be in good agreement with theoretical
estimates based on spin-lattice relaxation mechanisms by Hübner and Bennemann
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[13]. Therefore in the mid-1990s it was concluded that demagnetization upon laser
heating follows from spin-lattice relaxation and proceeds at a typical timescale
τM ∼ 0.1− 1 ns.

In 1996 Beaurepaire et al. reported on pump-probe time-resolved magneto-
optical Kerr effect experiments on nickel thin films [8]. It was found that after
pulsed laser (60 fs) irradiation roughly half of the magnetic moment was lost well
within the first picosecond. In view of the previously outlined context, this result
stroke the community as a total surprise. Within the so called three temperature
model (outlined in the next section) this result could be explained only assuming a
dominance of spin-electron coupling over spin-lattice coupling. For the first time,
evidence was reported that when the electrons are brought out of equilibrium by
a strong fs laser pulse demagnetization times below 1 ps could be achieved.

Soon, this unexpected result got well confirmed by several groups [14, 15]. Al-
though it was shown that during the initial strongly nonequilibrium phase utmost
care has to be taken with too naive an interpretation of the MO response [16–
18], by now a full consensus about a typical demagnetization time of the order of
τM ∼ 100 fs for elementary ferromagnetic transition metals has been achieved [19].

Since its first observation, ultrafast demagnetization attracted a lot of atten-
tion and triggered a number of outstanding related discoveries. It has been shown
by time-resolved photoemission that the exchange splitting between majority and
minority spin bands is affected at a similar time scale [20]. Laser-induced launch-
ing of magnetization precession and spin waves in canted ferromagnetic thin films
was demonstrated in Ref. [21]. The loss of magnetization was directly detected by
emission of terahertz radiation [22]. Very promising preliminary results have been
reported using 100 fs X-ray pulses to probe the demagnetization induced by a fs
laser pump pulse on a nickel film, this technique having the potential to separate
the orbital and spin momentum contribution to the process [23]. The reverse effect
of sub-ps generation rather than quenching of ferromagnetism was reported inde-
pendently by two groups, driving FeRh thin films through an antiferromagnetic to
ferromagnetic phase transition [24, 25].

Despite this bursting interest, ultrafast demagnetization is still not completely
understood from a microscopic point of view. Microscopic models have been pro-
posed in Refs. [26, 27]. The key issue to unravel the fundamental mechanisms lead-
ing to the sub-ps loss of magnetization relies on understanding how and how fast
angular momentum can be transferred among electrons, spins and the lattice [28].
The first part of this thesis is dedicated to this issue, providing new experimental
and theoretical insight in the problem of angular momentum conservation during
the demagnetization process.
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Another recent development is the study of laser-induced magnetization dy-
namics in coupled multilayers. In 1998 Ju and coworkers demonstrated that fs
laser heating induces a perturbation of the exchange interaction in an exchange
bias structure (a bilayer consisting of a ferromagnetic and an antiferromagnetic
thin film) [29–31]. This perturbation takes place within a ps after laser excitation
and can lead to a precession of the ferromagnetic spins. This work was followed by
similar studies [32, 33], but so far the details of the sub-ps dynamics of exchange
interaction have not been resolved. The second half of this thesis is dedicated to
this problem, providing a substantial advance in the understanding of the phe-
nomenon.

Very recently, it has been discovered that polarized laser pulses can trigger
ultrafast spin dynamics in metals, based on a non-thermal excitation process [34–
36]. This process is related the so called inverse Faraday effect (IFE), according
to which light polarization can induce changes in the magnetization of a sample.
New exciting possibilities in this lively field of research can be anticipated, arising
from the combination of thermal and non-thermal effects in especially engineered
materials, possibly leading to ultrafast optical control of magnetism.

1.2.2 Ultrafast demagnetization

In this thesis we will be dealing mostly with laser-induced demagnetization and
precession. In the next two subsections we give a brief overview of these two
phenomena.

When ultrafast laser-induced demagnetization was first reported in Ref. [8], the
authors interpreted their result in terms of a three temperatures model (3TM),
as sketched in Fig. 1.2(a). This model describes energy flow between 3 different
heat baths, which are assumed to be in internal equilibrium: the electrons, the
lattice and the spins. An electron temperature Te, a lattice temperature Tp and
a spin temperature Ts are defined for the three baths and coupled heat diffusion
equations can be written:

Ce
dTe

dt
= −Gep(Te − Tp)−Ges(Te − Ts) + P (t),

Cp
dTp

dt
= −Gep(Tp − Te)−Gps(Tp − Ts), (1.1)

Ce
dTs

dt
= −Ges(Ts − Te)−Gep(Ts − Tp),

where P (t) represent the initial excitation from the laser, C are the heat capacities
of the three systems and G the coupling constants between them. Laser power
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Figure 1.2: (a) Schematic representation of the three temperature model, pro-
viding a phenomenological description of ultrafast demagnetization: laser power
is initially absorbed by the electrons and then redistributed to the lattice and the
spins according to eqs. 1.1. (b) The final net increase of spin temperature leads
to a reduction of the total magnetization according to the well known Ms(Ts)
curve. (c) Evolution of electron temperature Te, lattice temperatureTl and spin
temperature Ts according to the 3TM (from Ref. [8]).

is initially absorbed by the electrons, almost instantaneously raising the electron
temperature. Heat is then redistributed among the three systems through equa-
tions 1.1, finally leading to a net increase of the spin temperature. The latter is
defined via the well known Ms(Ts) relation that is valid in equilibrium (see Fig.
1.2(b)). Thus an increase of Ts implies a reduction of the magnetic moment. The
evolution of the three temperatures according to eqs. 1.1 is plotted in Fig. 1.2(c).

In order to fit the model to a demagnetization dataset, one typically has to
assume a complete dominance of spin-electron coupling over spin-lattice coupling.
However the physical understanding provided by the 3TM does not go beyond
this statement. In order to gain a deeper insight in the microscopic mechanisms
involved in laser-induced demagnetization one has to consider the problem of an-
gular momentum conservation in the process, which is completely disregarded in
the 3TM. This problem is extensively discussed in the following chapters.

Equations 1.1 are useful to parameterize the demagnetization process and ex-
tract the relevant time scales from the measured data. The main timescales that
we will encounter in this thesis are:

• the demagnetization time τM , describing the rate of magnetization loss upon
laser excitation, and
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Figure 1.3: A macrospin ~M in an external field applied along the z-axis. The
LLG equation predicts a precession around the applied field with a damping term
directed along θ̂ that finally aligns the macrospin to the z-axis.

• the electron-phonon equilibration time τE , describing the rate at which elec-
trons and phonons exchange their energy and reach a temperature equilib-
rium.

These two timescales are related to the coupling constants and the heat capacities
in eqs. 1.1. In chapter 3 we will derive an analytical solution of the 3TM under
some reasonable approximations; this function will then be used throughout the
thesis to extract τM and τE from the demagnetization curves.

1.2.3 Magnetization precession

Beside ultrafast demagnetization, the other laser-induced phenomenon that we
will be dealing with is magnetization precession. This can be triggered via a
perturbation of the effective field Heff determining the equilibrium magnetization
direction. Heff usually results from the action of externally applied fields and
internal anisotropies. Laser heating can induce a perturbation of these anisotropies
on a sub-ps timescale in particular experimental geometries. Examples of this
phenomenon that will be extensively discussed in this thesis involve the in-plane
anisotropy typical of thin ferromagnetic films and the unidirectional anisotropy
resulting from the interlayer exchange interaction in exchange bias structures.

The magnetization precession is described by the Landau-Lifshitz-Gilbert (LLG)
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equation [9, 10]:

d ~M

dt
= −γµ0

(
~M × ~H

)
+

α

Ms

(
~M × d ~M

dt

)
, (1.2)

with γ = gµB/~, the Bohr magneton µB , and the Landé factor g ≈ 2.
In classical physics, a system with magnetic moment ~m = γ~j, where ~j is the

angular momentum, in a uniform magnetic field ~B, will feel a torque ~T = ~m× ~B.
Therefore its equation of motion is d~j/dt = ~T , or, equivalently, d~m/dt = γ ~m× ~B.
This equation can easily generalized to the quantum mechanical case of a spin 1/2
particle (e.g. an electron) in a uniform magnetic field described by the operator
~H. In this case the mean magnetic moment associated with the spin operator is
< ~M >= −γµ0 < ~S >, and the time evolution is described by:

i~
d < ~M >

dt
=< [ ~M,H] >, (1.3)

where H = − ~M · ~H, and the notation [a, b] indicates the commutator between
a and b. The calculation leads to the first term of equation 1.2 [37]. This term
remains valid for a macrospin (an ensemble of parallel spins). In the schematic
drawing of Fig. 1.3, where the external field is aligned along the ẑ axis, introducing
cylindrical coordinates, this term is directed along φ̂. It describes a precession of
the magnetization vector around H at frequency ω = γµ0H.

The second term in eq. 1.2 is a phenomenological damping term that describes
dissipation of energy. With reference to Fig. 1.3 it is easy to see that this term
is always pointing along θ̂, therefore it predicts a convergence of the magnetic
moment to align with ~H. The efficiency and speed of the alignment depend on
the Gilbert damping parameter α. This is a “subtle” parameter determined by
intrinsic dissipation mechanisms and often influenced by all kinds of extrinsic de-
pendencies. For example contributions to the damping can come from emission of
spin waves, and often a correlation with the coercivity of the samples is observed.
Therefore α is a quantity that should be treated with utmost care.

1.3 This thesis

This thesis can be roughly divided in two parts: the first part deals with the
problem of angular momentum conservation during laser-induced demagnetization,
the second part investigates laser-induced dynamics in exchange bias structures.
As we outlined in the previous section, these topics are of utmost importance in
the ongoing research on ultrafast processes in magnetic materials.
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Before presenting the original results of our investigations, in chapter 2 we
describe the main experimental technique used in the experiments: time-resolved
magneto-optical Kerr effect (TRMOKE). In this chapter we also give a brief ex-
ample of laser-induced demagnetization and precession in a nickel thin film.

In chapter 3 we begin our exploration of angular momentum conservation
in laser-induced processes. In particular we study the influence of the angular
momentum carried by the laser photons on the demagnetization time of nickel thin
films, by using circularly polarized laser pulses. We demonstrate experimentally
that direct transfer of angular momentum between photons and spins does not
play a role in the magnetization loss.

In chapter 4 we investigate the possibility of speeding up the demagnetiza-
tion process by opening a tunable channel for transfer of spin angular momentum
between two separate ferromagnetic entities (in this case two equally thick mul-
tilayers of cobalt and platinum). The extra channel leads to a reduction of the
demagnetization time up to 25% accompanied by an increase of the total demag-
netization by the same amount.

Based on our experimental findings, in chapter 5 we develop a microscopic
quantum mechanical theory that explains ultrafast demagnetization. The key as-
sumption of the theory is that spin momentum is transferred to the lattice via
electron-phonon scattering events accompanied by spin flip with a finite proba-
bility. We derive analytical expressions that relate τM and τE to the parameters
of the material under investigation. Despite the crude approximations used, the
correct orders of magnitude are predicted by the model.

Another prediction of the model is that demagnetization time τM is actually
linked to the (intrinsic) Gilbert damping parameter α by a simple inverse pro-
portionality relation. This relation is explained and investigated in more detail
in chapter 6, in the particular case of spin-flip scattering of electrons from im-
purities. The results suggest a unified picture of spin relaxation mechanisms in
ferromagnetic metals, valid in the fs as well as in the ns regime.

Preliminary experimental investigations aimed at confirming the simple rela-
tion between τM and α predicted by our microscopic model are presented in chap-
ter 7. We systematically study the demagnetization time and Gilbert damping of
doped permalloy thin films as a function of the dopant concentration. Although
some positive correlation is found for copper doping, no perfect match between
theory and experiments could be established, leaving this exciting field open for
new investigations.

After having studied the ultrafast demagnetization process in ferromagnets,
and having developed a successful microscopic theory, in chapter 8 we start in-
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vestigating how fs laser heating can be used to manipulate the interaction between
coupled magnetic entities on a sub-ps time scale. We choose for this exploration an
exchange bias system composed of a bilayer of antiferromagnetic IrMn and ferro-
magnetic cobalt. We work out an experimental configuration in which a precession
of the ferromagnetic spins, driven by a laser-induced perturbation of the interlayer
exchange interaction, can be induced and studied systematically. We develop sim-
ple models that explain the field dependence of the precessional frequency and
amplitude.

In chapter 9 we push the investigation of the ultrafast dynamics of exchange
bias to the limit, developing a method to fully reconstruct the laser-induced re-
sponse of the exchange interaction from the precession of the ferromagnetic spins.
We demonstrate that laser heating partially decouples the two layers, the interlayer
interaction being reduced on a timescale of a few hundreds fs only.

We conclude our work in chapter 10 with some preliminary results on an epi-
taxial exchange bias structure, consisting of an atomically flat bilayer of antiferro-
magnetic manganese and ferromagnetic cobalt. Although the precessional signal
proved much more difficult to detect in this case, the samples investigated are par-
ticularly interesting, presenting a periodic oscillation of their magnetic properties
depending on the relative thickness of the layers.





Chapter 2

Experimental

We present the main experimental technique used in this thesis: time-resolved
magneto-optical Kerr effect (TRMOKE). The physics behind MOKE is presented
from the macroscopic, microscopic and experimental points of view, providing a
basic insight in the interplay between optics and magnetism in magnetic metals.
Different schemes for TRMOKE are discussed with particular emphasis on the
double modulation scheme extensively exploited in this thesis. Technical details
of our setup are given and a simple example of a measurement of laser-induced
magnetization dynamics in a nickel thin film is presented. Finally we give a brief
description of two additional techniques that have been used as side investigation
tools in some experiments: ferromagnetic resonance and magnetization-induced
second harmonic generation.

2.1 Introduction

In this thesis the dynamics of spins in ferromagnetic thin films and multilayers
down to the femtosecond timescale is investigated. The main experimental tool
used for this purpose is time-resolved magneto-optical Kerr effect (TRMOKE).
This is a so called pump-probe technique: the sample is brought out of equilibrium
by a strong perturbation and its subsequent evolution is probed stroboscopically
over a certain time span. In order to achieve fs temporal resolution, pump and
probe need to be some sort of fs pulses that can change, as well as measure, the
magnetic properties of a material. In TRMOKE, pump and probe are both fs
laser pulses: a high power pump pulse creates the perturbation (mainly consisting
of a thermal excitation) and a much weaker probe pulse measures the subsequent
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evolution of the magnetization through the magneto-optical Kerr effect.
In this chapter we explore in detail the TRMOKE technique. We will start in

section 2 with a description of the physics behind MOKE, which will provide us
with some basic insight on the interplay between optics and magnetism in transi-
tion metals. In section 3 we will describe in detail our TRMOKE setup, discussing
the modulation schemes exploited in the experiments, and giving a brief example
of a typical measurement procedure. We will end the chapter with a very brief
description of two other measurement techniques, ferromagnetic resonance (FMR)
and magnetization-induced second harmonic generation (MSHG); though not the
main focus of this work, these techniques have been used as side investigation tools
in the experiments presented in chapter 7 and 10, respectively1.

2.2 The physics of MOKE

The first successful magneto-optical experiments have been performed by Michael
Faraday in 1845 [38, 39]. He observed that the polarization of a light beam traveling
through a magnetized medium undergoes a rotation by an angle proportional to the
applied magnetic field. Thirty-two years later John Kerr discovered that the same
effect can be obtained also in reflection [39, 40]. The two effects, i.e. change in light
polarization after transmission through or reflection off a magnetized medium,
are therefore named after the two great scientists. Both effects have the same
origin and can therefore be explained using a similar (in many cases the same)
formalism. Since our experiments are carried out in reflection in the following we
will mainly focus on the Kerr effect; however we will refer to the Faraday effect
when appropriate.

2.2.1 Phenomenological description

From the phenomenological point of view, it is easy to understand why light polar-
ization changes when reflecting off (or traveling through) a magnetized medium.
Linearly polarized light can be described as a superposition of two circularly polar-
ized components with opposite helicities. Due to the magnetization of the medium,
these two modes (i) propagate with different velocities and (ii) undergo different
absorption rates. As a result of (i) the polarization plane of the light beam will

1The FMR measurements have been carried out by William Bailey and Yongfeng Guan at

Columbia University, New York (USA) in the framework of a collaboration; the MSHG measure-

ments have been carried out in collaboration with Theo Rasing, Andrei Kyrylyuk and Ventislav

Valev at Radboud University, Nijmegen (NL).
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Figure 2.1: Due to the different refraction indexes for right and left-handed
circularly polarized light in a magnetic material, a linearly polarized laser beam
reflecting off a magnetic sample will undergo a complex Kerr rotation.

rotate, and (ii) will cause the beam to acquire a finite ellipticity, as schematically
depicted in Fig. 2.1.

More formally, let us consider the optical response of a material to an electric
field ~E; this is described by the induced polarization vector:

~P =
∫

¯̄χ(1)(~r, ~r′) · ~E(~r′)d~r′ + ¯̄χ(2)(~r, ~r′, ~r′′) : ~E(~r′) ~E( ~r′′)d~r′d ~r′′ + ..., (2.1)

where χ(n) is the nth order optical susceptibility tensor. MOKE is a linear effect,
therefore we will neglect the terms with n > 1 (in passing we notice that the term
with n = 2 is responsible for MSHG, presented in section 4). The optical response
is fully described by the dielectric tensor ¯̄ε, related to the first order susceptibility
tensor via:

εij = δij + 4πχ
(1)
ij . (2.2)

For an isotropic material with magnetization ~M , neglecting quadratic and higher
order terms in ~M , the dielectric tensor reads:

¯̄ε =




εxx εxy εxz

−εxy εxx εyz

−εxz −εzy εxx


 . (2.3)

The diagonal elements are independent of the magnetization. The off-diagonal
elements transform antisymmetrically upon time reversal, i.e. they change sign
when ~M is reversed, and they are related to the magnetization (in particular εij

is related to the component of ~M perpendicular to î× ĵ).
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Figure 2.2: The three different types of Kerr effect: (a) polar, (b) longitudinal
and (c) transverse.

In order to understand how the off-diagonal components of the dielectric ten-
sor generate the magneto-optical effects, let us consider the simpler case of light
traveling along the ẑ axis, incident on a semi-infinite medium magnetized along
the same axis ( ~M = Msẑ). Then eq. 2.3 reduces to :

¯̄ε =




εxx εxy 0

−εxy εxx 0

0 0 εxx


 . (2.4)

It is easy to show that in this case the two eigen modes are left-handed circularly
polarized (LCP) waves (1,+i, 0)T and right-handed circularly polarized (RCP)
waves (1,−i, 0)T , with eigen values ε± = εxx ± iεxy, respectively. Since the reflec-
tion coefficients for LCP and RCP light are different, a linearly polarized beam
will undergo a complex rotation. In the specific case this can be calculated using
the Fresnel reflection coefficients as:

Θ̃ = θ + iε =
εxy√

εxx(εxy − 1)
, (2.5)

where we defined the Kerr rotation θ and the Kerr ellipticity ε as the real and
the imaginary part of the complex rotation Θ̃. Therefore the magnetization de-
pendent off-diagonal element of dielectric tensor εxy determines the complex Kerr
rotation, and by measuring θ or ε one can estimate the magnetization. In general,
a proportionality relation between Kerr rotation and magnetization holds:

Θ̃ = F ·Ms, (2.6)

where the complex constant F can be calculated [41] or determined experimentally.
In the more general case one can distinguish three types of Kerr effect, depend-

ing on the orientation of the magnetization and the plane of incidence, as depicted
in Fig. 2.2:
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• polar MOKE: the magnetization is in the plane of incidence and parallel to
the surface normal;

• longitudinal MOKE: the magnetization is in the plane of incidence and per-
pendicular to the surface normal;

• transeverse MOKE: the magnetization is perpendicular to the plane of inci-
dence.

When the magnetization is arbitrarily oriented, the Kerr rotation will be differently
sensitive to its components along the polar, longitudinal and transverse directions
depending on the angle of incidence; for example, for perpendicular incidence the
polar Kerr signal, proportional to the out of plane component of the magnetization
vector, will be maximum.

2.2.2 Microscopic origin

From the microscopic point of view, the Kerr effect is due to spin-orbit inter-
action, which, roughly speaking, couples the magnetic properties of a material
(determined by the electron spin) with its optical properties (determined by the
electronic motion). In a single particle picture, spin-orbit coupling is described in
the Hamiltonian of an electron as:

HSO =
~

4m2c2
(~∇V × ~p) · ~σ, (2.7)

where ~p and ~~σ/2 are the momentum and the spin operator of the electron, respec-
tively. Eq. 2.7 describes the interaction between the electron spin and the magnetic
field the electron sees when moving with momentum ~p through the electric field
−~∇V inside a medium. For non-magnetic materials this term does not give rise to
significant magneto-optical effects (within the dipole approximation) since spin-up
and spin-down electrons are present in equal numbers, canceling out the relative
contributions. On the contrary, in ferromagnetic materials the unbalance in spin
population can give rise to a large spin-orbit effect.

As we saw in the previous subsection, in the case of a plane wave propagating
along ẑ, impinging on a ferromagnet magnetized also along ẑ, the Kerr effect is
completely determined by εxx and εxy. The elements of the dielectric tensor can
be calculated by considering the transitions between electronic states induced by
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the incoming light beam [19, 42]:

εxx = 1 +
8e2

π~m2ω2

∑
gn

∫

BZ

dk3
ωgn,~k[fg,~k(1− fn,~k)]

∣∣∣
〈
ψg,~k

∣∣∣ πx

∣∣∣ψn,~k

〉∣∣∣
2

ω2
gn,~k

− ω2 − 2iωΓgn,~k

,

εxy =
4e2

π~m2ω2

∑
gn

∫

BZ

dk3
ωgn,~k[fg,~k(1− fn,~k)]

ω2
gn,~k

− ω2 − 2iωΓgn,~k

(∣∣∣
〈
ψg,~k

∣∣∣ πx + iπy

∣∣∣ψn,~k

〉∣∣∣
2

−

∣∣∣
〈
ψg,~k

∣∣∣ πx − iπy

∣∣∣ψn,~k

〉∣∣∣
2
)

. (2.8)

In the expression ψg,~k denotes a Bloch electron in the g band with momentum ~k;
the band occupation is described by fg,~k, which in thermal equilibrium is given
by the Fermi-Dirac distribution; ~π is the kinetic momentum operator; the integral
is taken over the whole Brillouin zone and the summation on all the bands; ω

is the frequency of the electric field and ~ωgn,~k is the energy gained (or lost) by

an electron with momentum ~k in the transition from band g to band n (umklapp
processes are neglected in the dipole approximation).

Band structure calculations are crucial to estimate the dielectric tensor ele-
ments according to eq. 2.8. Ab initio calculations based on the local spin density
approximation show a qualitative agreement with experimental data [43].

2.3 Time-resolved MOKE

We concluded the previous section observing that microscopic calculations of the
Kerr effect based on the band structure of the material under investigation are
quite involved. However, measuring the Kerr rotation and ellipticity is relatively
straight forward, and MOKE proved to be a very powerful tool to locally probe the
magnetic properties of thin films and multilayers (see e.g. [39]). A measurement
of the Kerr effect can be easily done for example by using a linearly polarized (low
power) laser beam and monitoring the polarization change (rotation and ellipticity)
after reflection off a magnetic sample with a second polarizer. Typically the Kerr
rotation is of the order of some (tens of) millidegrees (see e.g. [41]), therefore
modulation schemes are often adopted in order to increase the resolution, and
these become essential when one wants to detect the tiny changes in θ and ε

induced by laser heating on the fs time scale.
In our TRMOKE experiments we use a double modulation scheme. Before

going into the details of such a scheme, we briefly discuss in the next subsection
some basics of the TRMOKE technique.
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Figure 2.3: TRMOKE setup: crossed polarizers configuration.

2.3.1 Crossed polarizers

The simplest TRMOKE configuration is depicted in Fig. 2.3: a laser pulse is
produced by a mode-locked laser; a beam splitter ‘B’ divides it into a high power
pump pulse and a weaker probe pulse; the probe pulse is delayed by means of an
adjustable delay line and linearly polarized by passing through a first polarizer
‘P’; both pulses are focused onto the same spot on the sample through the lens
‘L’; the reflection of the probe pulse is then sent to a detector ‘D’ after passing
through a second polarizer (called analyzer) ‘A’. Then, calling αP and αA the
angles between the optical axes of the two polarizers and the plane of incidence,
and applying Jones formalism [44], the intensity at the detector can be calculated
as:

I = EE∗ = R

∣∣∣∣∣∣
(sinαA, cosαA)S


 sinαP

cos αP




∣∣∣∣∣∣

2

, (2.9)

where E = (Es, Ep)T is the Jones vector for the laser field (i.e. the oscillatory
component of the field is disregarded), R = |rs|2, and the complex reflection
coefficients rs and rp and the complex Kerr rotation Θ̃ = θ + ε are related to the
reflection matrix of the magnetic sample S:

S = rs


 1 −Θ̃

Θ̃ rp/rs


 . (2.10)
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In the particular case αP = π/2, eq. 2.9 yields:

I = R(α2
A + 2αAθ + θ2 + ε2). (2.11)

Recalling that the Kerr rotation is typically in the millidegrees range, hence θ ¿ 1,
θ ¿ αA (and the same holds for ε), and taking partial derivatives of the eq. 2.11
we can then estimate the pump-induced intensity at the detector:

∆I(t) = 2R0αA∆θ(t) + α2
A∆R, (2.12)

where ∆ denotes the partial derivative and the subscript 0 refers to the equilib-
rium values. We thus see that αA should be kept small in order to minimize the
non-magnetic background, i.e. ‘A’ should be almost crossed with ‘P’. The term
2R0αA∆θ(t) is odd in the magnetization, therefore by averaging measurements at
opposite magnetization directions the Kerr rotation can be extracted. In order
to measure the ellipticity ε one has to insert a quarter waveplate at 45 degrees
between the sample and the analyzer.

A significant improvement can be obtained by substituting the analyzer with
a Wollaston prism and measuring the s and p components of the reflected probe
pulse with a pair of balanced photodiodes. It can be shown that in this case a
more solid separation of magnetic and non-magnetic components of the signal can
be achieved [19]:

∆I(t) = 2R0∆θ(t). (2.13)

However, in order to measure the ellipticity one still needs to modify the setup
inserting a quarter waveplate.

2.3.2 Double modulation

A further improvement of the scheme can be achieved by introducing a polarization
modulation. This is implemented in our setup by using a photo-elastic modulator
(PEM), a birefringent crystal that is compressed periodically in one direction thus
creating a periodic change in the phase difference between the s and p components
of a laser beam passing through it. The Jones matrix of such a devices, with the
main axis along ŝ, reads:

M(t′) =


 1 0

0 eA0 cos Ωt′


 , (2.14)

where A0 is the user-adjustable amplitude of the retardation between s and p

components, Ω/2π = 50 kHz is the operating frequency, and an “internal time” t′
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has been introduced that keeps track of the oscillations of the crystal, not to be
confused with the pump-probe delay t. In the TRMOKE experiments described
in this thesis the PEM is always inserted in the probe path between the polarizer
‘P’ and the sample, with its main axis parallel to ŝ. Polarizer ‘P’ is set at an
angle αP = 45 degrees (i.e. yielding a laser field (1/

√
2, 1/

√
2)T ), thus, by setting

A = π/2, a modulation of the probe beam between RCP and LCP (1/
√

2,±i/
√

2)T

is obtained at the sample. In this configuration the intensity at the detector in
the lowest order of αA, θ and ε becomes:

I(t′) =

∣∣∣∣∣∣
(sinαA, cosαA)SM(t′)


 1/

√
2

1/
√

2




∣∣∣∣∣∣

2

= R

(
1
2
− (θ − ρ′αA) cos[A0 cosΩt′] + ε sin[A0 cosΩt′]

)
, (2.15)

where we defined ρ′ = Re[rp/rs]. The functions cos[A0 cos Ωt′] and sin[A0 cos Ωt′],
and thereby the whole expression 2.15, can be expanded in terms of spherical
harmonics cos nΩt′. The first three terms of the expansions are:

IDC = R

(
1
2

+ θJ0(A0)
)
≈ R

2
,

I1F = RεJ1(A0) cos Ωt′, (2.16)

I2F = R(θ − ρ′αA)J2(A0) cos 2Ωt′.

The (generally small) component ρ′αA can be “switched off” by fine tuning of
the analyzer angle. Therefore, sending the signal to a first lock-in amplifier (L1)
referenced with either the first or the second harmonic of the PEM oscillations, we
can measure (without the need for any additional component in the setup) both the
Kerr rotation and ellipticity, without any polarization-independent background.

Taking the partial derivatives of equations 2.16, it can then be shown that, by
properly adjusting the experimental parameters such as αA and A0, the pump-
induced signal is [19, 45, 46]:

∆I1F (t)
IDC

≈ 2J1(A0)∆ε(t),

∆I2F (t)
IDC

≈ 2J2(A0)∆θ(t). (2.17)

In order to gain more sensitivity, and obtain a direct measurement of the pump-
induced contribution, a mechanical chopper is introduced in the pump path, whose
blades periodically block and unblock the beam with a frequency of ∼ 60 Hz. If
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Figure 2.4: Example of signal in the case of the double modulation scheme.

we look at the detected signal with an oscilloscope, we will see a trace similar
to the cartoon of Fig. 2.4: a high frequency oscillation due to the PEM and a
low frequency oscillation due to the chopper. The signal δV is the pump induced
change in Kerr signal, and is the quantity we want to measure. This can be easily
obtained by sending the output of L1 to the input of a second lock-in amplifier
L2, referenced with the chopper. The output of L2 produces a signal propor-
tional to δV , allowing for a direct high resolution measurement of ∆θ and ∆ε.
In practice a small non-magnetic background might still be present due to small
misalignments in the optical setup, but this can be completely removed by averag-
ing measurements taken at opposite magnetization directions. The corresponding
experimental realization is sketched in Fig. 2.5: L1 yields the equilibrium Kerr
signal (ellipticity ε0 if referenced with the first harmonic of the PEM modulation,
rotation θ0 for the second harmonic) and L2 the time-resolved contributions (∆ε

or ∆θ).

2.3.3 Double modulation reversed: the TIMMS approach

Information on the Kerr rotation can also be obtained when the two modula-
tions are exchanged: the PEM acts on the pump beam and the chopper on the
probe beam. In this case the PEM modulates the helicity of the pump pulses
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Figure 2.5: TRMOKE setup: double modulation configuration.

from RCP to LCP with frequency Ω, and the probe is linearly polarized. This
configuration proved particularly useful in studying the response of diluted mag-
netic semiconductors to fs-laser excitation [47]. In this case the PEM modulation
creates spin-selective excitations in the sample, that lead to a modulation of the
magnetization; therefore the technique has been named time-resolved magnetiza-
tion modulation spectroscopy (TIMMS). Similarly to what has been done in the
previous section, in can be shown that the amplitude of the first harmonic of the
detected signal is [47]:

I1F (t)
IDC

= J1(A0)∆θ(t). (2.18)

As we will see in chapter 3, TIMMS can also be successfully applied to ferro-
magnetic metals [48], when one is interested in exploring the role of pump helicity
in the demagnetization process. In ferromagnetic metals a CP pump pulse gener-
ally gives rise to a coherent transfer of angular momentum to the electronic orbits,
rather than creating spin selective excitations, without affecting the magnetic prop-
erties of the material. Examples of this can be found in the literature [49, 50], and
we will explore in more detail the effect of CP pumping in nickel in the next chap-
ter. However, recent experimental results demonstrated that CP light can induce
a genuine magnetic signal in ferromagnetic metals (in particular magnetization
switching) through the inverse Faraday effect (IFE) [34–36]. A brief discussion of
these exciting new results is presented in the next chapter together with a sim-
ple description of the IFE. We envision that the TIMMS technique might prove
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useful to shed light on the not completely understood microscopic mechanisms
responsible for the results of Refs. [34–36].

2.3.4 Technical details

In this subsection we provide some technical details of our experimental setup, and
show a simple example of how a demagnetization curve is acquired and analyzed.

The mode locked laser in our setup is a Newport Spectra Physics Tsunami
Ti:Sapphire oscillator pumped by a Newport Spectra Physics Millennia V laser
source. The oscillator typically produces nearly Gaussian pulses with a FWHM
of ∼ 70 fs, a central wavelength of 795 nm and a power of ∼ 700 mW. The beam
splitter produces a probe/pump power ratio of 1/20.

The delay line consists of a retroreflector mounted on a translation stage that
can be controlled remotely. The delay line shortens or lengthens the optical path
of one of the pulses, thus adjusting the delay between the two. The length of the
delay line determines the maximum delay that one can create, and the temporal
resolution of the delay line depends on how slow and accurately it can move. In
the setup two delay lines are available: one (D1) in the probe path, another (D2)
in the pump path. D1 allows for a maximum delay of 2 ns and it can reach a
resolution ∼ 10 fs/s. D2 is allows for a delay of ∼ 600 ps at most, but it can
reach a resolution of ∼ 1 fs/s. D2 has been used in the experiments described
in chapters 3 and 4, where we were aiming at the most accurate estimates of the
demagnetization time scales. D1 has been used in the rest of the experiments,
providing the flexibility of measuring the sub-ps processes with a reasonable reso-
lution, and allowing for simultaneous studies of precessional dynamics (up to ∼ 1
ns). In studying the precessional motion of the magnetization it is crucial to be
able to measure on a long range of pump-probe delay, in order to retrieve the
correct values of the precessional frequency and Gilbert damping, as well as the
other parameters involved. The possibility of monitoring demagnetization and
precession within the very same measurement proved very useful in the experi-
ments of chapter 6 and 7. Similarly, the combined observation of the details of the
laser-induced magnetization precession in exchange bias samples on a sub-ps and
102-ps time scale was a crucial ingredient for the experiments of chapters 8, 9 and
10.

An external group velocity dispersion (GVD) compensation line, consisting of
two prisms, is used to compensate for the broadening of the pulses created by the
optical components (such as mirrors, polarizers, retroreflectors, etc.), thus obtain-
ing the shortest possible pulses at the sample position (70 fs). Details on how to
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compensate GVD with pair of prisms can be found e.g. in Ref. [51]. Due to multi-
ple reflections from the surfaces of the prisms, the use of the GVD compensation
line might lower the signal intensity significantly; therefore the GVD line has not
been used when it was more important to have a high laser fluence rather then
the ultimate pulse width. The FWHM of the pulses will be specified case by case.

The sample is mounted on a translation stage that can move in the 3 dimensions
and is inserted between the poles of an electromagnet. The field can be applied
at a variable angle with the sample plane, from 0 to 90 degrees. Typically the
maximum field that can be applied is ∼ 200 kA/m.

Pump and probe beams are focussed onto the same spot on the sample at
almost perpendicular incidence (typically we perform polar measurements) by a
high aperture laser objective (HALO). The final spot diameter is typically ∼ 8 µm,
yielding a pump-fluence of 1 mJ/cm2. Alternatively, beam expanders can be used
to exploit the aperture of the HALO more efficiently, yielding a maximum fluence
of 2 mJ/cm2. The reflected beams pass once again through the HALO; the pump
beam is then blocked while the probe beam is sent to the photodetector. Clearly
the double passage through the HALO limits the maximum beam diameter to 1/2
of the HALO diameter.

As an example of a typical experimental dataset obtained with our setup using
the double modulation scheme, we present in Fig. 2.6 a measurement of laser-
induced demagnetization in a polycrystalline nickel thin film (10 nm), deposited
on a Si/SiOx substrate and capped with copper (3 nm) to prevent from oxidation.
An external field Hext ≈ 160 kA/m is applied almost perpendicular to the sample
plane. The datasets in Fig. 2.6(a) have been obtained applying Hext in opposite
directions; we label the positive and the negative transients ∆θ+ and ∆θ− respec-
tively. The small non-magnetic background (due to small misalignments) is ruled
out by averaging the two curves, 1

2 (∆θ+ − ∆θ−), as shown in Fig. 2.6(b), open
circles. In the same panel also the sum of the two transients, 1

2 (∆θ+ + ∆θ−), is
shown (solid line), representing the pump-induced changes in the Kerr rotation
due to non-magnetic contributions, i.e. the reflectivity transient. This signal is
about one order of magnitude smaller than its magnetic counterpart, and, apart
from some features around zero delay, it shows an exponential decay towards zero.
The cartoons sketch the different mechanisms taking place during the experiment:
(I) The sample is in equilibrium in the canted state, resulting from the balance of
the external field and the in-plane anisotropy. (II) Laser excitation locally creates
a (thermal) disorder among the spins, leading to a reduced magnetic moment (de-
magnetization time scale τM ∼ 100 fs); at the same time the in-plane anisotropy is
also perturbed. (III) As the electrons equilibrate their energy with the lattice the
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Figure 2.6: (a) Laser-induced demagnetization and precession in a nickel thin
film for an almost perpendicularly applied field of ±160 kA/m. (b) Average of the
two signals taken at opposite fields: difference (open circles) and sum (solid line).
Sketched in the cartoons (I-IV) are the four mechanisms leading to the observed
response as described in the text.

magnetization starts to grow back to its equilibrium value (electron-phonon relax-
ation time scale τE ∼ 500 fs). (IV) As a result of the fast change in the in-plane
anisotropy the magnetization gets a “kick” that triggers a GHz damped preces-
sion, finally driving the system back to equilibrium in a few nanoseconds. Similar
curves will be encountered again in the next chapters, each time emphasizing cer-
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tain aspects of the demagnetization process, and more thorough descriptions and
detailed data analysis will be presented.

2.4 Other techniques used in this thesis

We conclude this chapter with a very brief description of two additional measure-
ment techniques that have been used, to a limited extent, in this thesis: ferromag-
netic resonance (FMR) and magnetization-induced second harmonic generation
(MSHG). In this section we just aim at providing the reader with a basic, quali-
tative overview of the two techniques, without going into any detail and without
presenting any analytical calculations; the interested reader is referred to standard
literature.

2.4.1 FMR

Ferromagnetic resonance is used to study the ps–ns precessional dynamics of mag-
netization. A static field HDC is applied to the sample, to define its magnetization
direction, and a weaker time dependent field Hω(t), perpendicular to HDC, is used
to perturb the magnetic state inducing a precession. This weaker field is a periodic
perturbation, usually at radio frequencies (RF) that will constantly keep the mag-
netization out of equilibrium, compensating for the Gilbert damping that tends
to align the magnetization back along HDC. Therefore the magnetization keeps
precessing around the static field at a frequency determined by the frequency of
Hω(t), and its dynamics is described by the Landau-Lifshitz equation (i.e. eq. 1.2
without the damping term). By sweeping HDC over a proper range of values and
measuring the absorbed RF power, one can record absorption lines. The center
of the absorption line determines the resonant field at frequency ω and from the
broadening of the line the Gilbert damping parameter can be calculated. For more
details see e.g. Refs. [52, 53].

2.4.2 MSHG

To introduce magnetization-induced second harmonic generation, let us go back
to equation eq. 2.1. The second term in the equation predicts, for an incident laser
field at frequency ω, generation of photons at frequency 2ω. This phenomenon is
called second harmonic generation (SHG). The susceptibility ¯̄χ(2) is a third rank
tensor, and symmetry arguments show that it vanishes in the bulk of centrosym-
metric materials, within the dipole approximation. At the interfaces, where the
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symmetry is lower, one can expect a SH signal, and therefore SHG is normally ap-
plied as a sensitive tool to probe surface and interface properties [54]. In the case
of ferromagnetic material SHG becomes a probe of surface and interface (even for
buried interfaces) magnetism. Being a non-linear effect SHG requires high driving
electric fields (usually provided by ultrashort laser pulses) and a sensitive detec-
tion scheme (usually consisting of special filters and a photomultiplier). The small
intensity of MSHG signal is in many cases compensated by the large rotation an-
gles achieved. Given the large number of elements in the tensor, MSHG response
is normally richer than MOKE response, but the analysis of MSHG signals is
also much more involved. Moreover, special care should be taken since in some
cases magnetic-dipole and electric quadrupole contributions from the bulk might
be of the order of the interface electric dipole contribution. For more details see
e.g. [52, 53].

Of course MSHG can also be implemented within a pump-probe scheme, thus
achieving temporal resolution. A classical example of TRMSHG can be found for
example in Ref. [14].

2.5 Conclusions

In this chapter the main experimental tools used throughout this thesis have been
described. We focussed in particular on the physics of magneto-optical Kerr effect
(MOKE) and the implementation of time-resolved magneto-optics. The interac-
tion between light and a magnetic material was described from phenomenological,
microscopic and experimental points of view. We saw that, although resolving
completely the dielectric tensor of a magnetic material is in general a complex
task, a measurement of the magnetic properties of a medium based on the Kerr
effect is relatively straight-forward. Schemes for time-resolved MOKE were ana-
lyzed and discussed with particular emphasis on the double modulation technique
used in this thesis, and a brief example of a demagnetization measurement on
nickel was presented. We concluded the chapter with a very schematic overview
of two side techniques used in some experiments: ferromagnetic resonance and
magnetization-induced second harmonic generation.



Chapter 3

Influence of photon angular

momentum on ultrafast

demagnetization

The role of pump helicity in laser-induced demagnetization of nickel thin films is
investigated by means of pump-probe time-resolved magneto-optical Kerr effect in
the polar geometry. Although the data display a strong dependency on pump helic-
ity during pump-probe temporal overlap, this is shown to be of non-magnetic origin
and not to affect the demagnetization. By accurately fitting the demagnetization
curves we show that demagnetization time τM and electron-phonon equilibration
time τE are not affected by pump-helicity. Thereby our results exclude direct trans-
fer of angular momentum to be relevant for the demagnetization process, and prove
that the photon contribution to demagnetization is less than 0.01%. The results
presented in this chapter have been published in Ref. [48]

3.1 Introduction

Since the observation by Beaurepaire et al. that excitation by femtosecond laser
pulses can induce a demagnetization in a nickel thin film on a sub-picosecond
time scale [8], laser induced magnetization dynamics received a growing attention
[14–18, 22]. The possibility of optically manipulating spins on such an ultrafast
time scale offers, indeed, many potential applications in technology. Beside the
technological relevance, research in this field is motivated by scientific interest, the
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microscopic mechanisms that lead to ultrafast magnetization response being not
yet fully understood.

Recently Koopmans et al. presented a microscopic model that successfully
explains the demagnetization process in terms of phonon- or impurity-mediated
Elliot-Yafet type electron-electron spin-flip scattering, phonons and impurities pro-
viding the required transfer of angular momentum to the spins [27]. In the model,
that will be extensively discussed in chapters 5 and 6, possible “non-thermal”
contributions to the demagnetization, like angular momentum transfer from laser
photons or enhanced spin-flip scattering during pump-probe overlap, are disre-
garded since the total number of photons involved in the process is estimated to
be too small to give rise to sizeable effects [16]. Using a complementary approach,
Zhang and Hübner (ZH) attempted to explain the demagnetization process as the
result of the combined action of spin orbit coupling (SOC) and the interaction
between spins and laser photons [26]. The authors disregard the role of phonons,
motivated by the expectation that conventional scattering mechanisms lead to
spin-lattice relaxation times of some tens of picoseconds [13], too slow to account
for the observed ultrafast demagnetization.

Searching for a unified picture of laser-induced demagnetization it is impor-
tant to understand which processes play a major role in different materials. Re-
cently it has been found for instance that non-thermal processes are dominating
in garnets [55]. In those experiments circularly polarized pump pulses generate a
coherent magnetic field (inverse Faraday effect) that applies a torque on the mag-
netization vector. On the other hand it has been known for some years that pump
polarization does not have a major influence in the spin response to laser excitation
in transition metals [29, 49, 50, 56]. However this qualitative observation has never
been supported by a quantitative and systematic study, and very recently was
even contradicted for the alloy GdFeCo [34–36]. This leaves several fundamental
questions open: To what extent does pump polarization influence the demagne-
tization? Are the timescales of the process affected by pump polarization? Can
different handedness of pump circular polarization induce a magnetization pre-
cession of opposite phases like in [55]? It is the aim of this chapter to provide
such a systematic study. Our analysis shows that the demagnetization time τM

and electron-phonon equilibration time τE are independent of pump polarization.
This provides quantitative support to some of the approximations used in [27],
and suggests that the mechanisms described by ZH might not be appropriate to
describe ultrafast demagnetization in nickel.

The chapter is organized as follows: in section 2 we describe the sample and the
experimental geometry, in section 3 we discuss the problem of angular momentum
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conservation during laser-induced demagnetization on general grounds, in section
4 we present our experimental findings and we conclude in section 5 with some
remarks.

3.2 Sample and experimental details

The sample under investigation consists of a 10 nm thick Ni film sputtered on
a Si/SiO substrate and capped with 2 nm of Copper to prevent from oxidation.
The thickness of the ferromagnet has been especially chosen to match the light
penetration depth (∼ 15 nm for Ni at a wavelength of 785 nm) in order to uniformly
heat up the film throughout its thickness. Pump and probe pulses have a temporal
FWHM of 70 fs and are focussed onto the same 8 µm diameter spot on the sample
through a high aperture laser objective, with a final fluence of 2 and 0.1 mJ/cm2

respectively. The laser pulses hit the sample at almost normal incidence: in this
polar geometry the probe pulses are mostly sensitive to the out of plane component
of the magnetization, Mz. A 2 kG field applied perpendicular to the film surface
leads to a canted magnetization state inducing a finite Mz, as depicted in figure
3.1(inset).

We make use of two distinct experimental techniques: time-resolved magneto-
optical Kerr effect (TRMOKE) and time-resolved magnetization modulation spec-
troscopy (TIMMS). In the TRMOKE setup, a quarter waveplate enables the tun-
ing of pump helicity between right circularly polarized (RCP) and left circularly
polarized (LCP), and intermediate states. The linearly polarized probe pulses pass
through a Photo-Elastic Modulator (PEM) before being focussed onto the sam-
ple; the PEM modulates the polarization of the pulses from right circular to left
circular with a frequency fPEM. After reflection off the sample the pulses are sent
to a photo-detector through another polarizer crossed with the first; as shown in
chapter 2 in these conditions the 2fPEM component of the detected signal is pro-
portional to the laser-induced changes of the Kerr rotation, ∆θ. In the TIMMS
setup, one modulates the helicity of the pump pulses with a PEM while probe
pulses are linearly polarized; therefore the differences between the responses to
RCP and LCP pumping are directly detected. It can be shown that the 1fPEM

component of the detected signal is proportional to ∆θ [47]. In conclusion, with
the TRMOKE experiments we set the pump polarization and measure the induced
time-dependent demagnetization, with the TIMMS experiments we modulate the
pump polarization and measure the time-dependent differences between the de-
magnetization induced by RCP pumping and LCP pumping.
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3.3 Angular momentum conservation in the de-

magnetization process

Before presenting the results, let us briefly explain the idea behind our experiment.
Considering that the macroscopic magnetization is given by the space average of
the atomic magnetic moments ~µ = µB(~Le +g~Se), where µB is the Bohr magneton,
~Le and ~Se are the orbital and spin part of electron momentum respectively, and
g ≈ 2 for nickel, it is clear that the observed demagnetization is due to a momentum
transfer from the electrons to “somewhere else”. The allowed demagnetization
channels are given by conservation of total angular momentum ~J = ~Le + ~Se +
~Llatt + ~Lph, where ~Llatt and ~Lph represent the angular momentum carried by the
phonons and the photons involved in the process, respectively. Note that a Stoner
excitation as well as a magnon can in principle induce a change in ~S. On the
contrary, the process in which a Stoner excitation occurs by emtting/absorbing a
magnon conserves the total spin momentum, and thereby does not contribute to
the demagnetization.

More generally, demagnetization can happen due to (i) exchange between or-
bital and spin part of electron angular momentum, to (ii) angular momentum
transfer from electrons to the lattice and to (iii) a similar transfer to the laser
field. Note that all three mechanisms require SOC. In addition to (iii), the role of
the laser-field can be different than direct angular momentum transfer. First, (a)
the laser field could lead to an increased efficiency of mechanisms (i) and (ii), due
to, e.g., enhanced SOC in the excited state. On itself, however, the laser field does
not participate as source of angular momentum in this scenario. Second, (b) via
the inverse Faraday effect, a coherent magnetization (parallel to the wave vector)
is generated in the excited state. Such a coherent magnetization can be probed
itself [49], as will be discussed in the next section. However, in this scenario, the
magnitude of the magnetization vector is left behind unchanged after coherent
effects are over. Alternatively, (c) the coherent magnetization can act a torque
on the ground state magnetization vector, triggering a precession thereof without
affecting the length of the magnetization vector. An example of this can be found
in [55]. In our polar configuration, however, the initial displacement would be
parallel to the film plane, and thereby not observable during the first ps1. In the
context of the foregoing analysis, it is our aim to show quantitatively that direct
momentum transfer to the laser field (iii) is an insignificant process. This will
be investigated using circularly polarized pump pulses: Since CP photons carry

1Note that coherent magnetization could also induce a permanent change in the magnetiza-

tion. However, such an effect is identical to the direct transfer mechanism (iii).
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a whole quantum of angular momentum ±~ along (RCP) or opposite to (LCP)
the direction of light propagation, transfer of angular momentum should induce
a demagnetization only when photons helicity and magnetization are antiparallel,
while the magnetization should actually increase when they are parallel. Having
realized that neither of the alternative scenarios in which the laser field is involved
(a through c) affects the angular momentum balance in a direct way, the insignifi-
cance of mechanism (iii) would imply that the key of ultrafast demagnetization is
in an ultrafast momentum exchange within the electron and lattice system.

Our experimental configuration, in which ~M is only partially canted out of
the sample plane, could seem inconvenient with respect to using a sample with
perpendicular anisotropy. However our approach has the advantage that we can
investigate the influence of pump helicity not only on demagnetization effects (i.e.
affecting the modulus of ~M), but also on orientational effects (i.e. affecting the
canting angle Φ). This is particularly interesting in view of the already mentioned
results in [55], where pump polarization is found to trigger a precessional motion
of the magnetization vector in a garnet film. On a longer (hundreds of ps) time
scale a precessional motion could be observed in our measurements, however no
dependence of the precession on the pump polarization was found.

3.4 Results and discussion

Let us now focus on our TRMOKE experiments. The result of a standard exper-
iment, i.e. using linearly polarized light pumping, is presented in figure 3.1(a),
where the transient Kerr rotation normalized to its static value, ∆θ/|θ0|, is plot-
ted . When an out of plane field of 2 kG is applied, the Kerr rotation displays a
maximum at ∼ 250 fs after laser excitation; if we reverse the field we see that the
same qualitative response with opposite sign is obtained. The genuine magnetic
response, ∆Mz/M0,z (where M0,z represents the static value of Mz), is propor-
tional to ∆θ+ − ∆θ−, the difference between the two Kerr rotation transients
corresponding to opposite field directions, i.e. we are taking into account only the
part of the signal that changes sign upon magnetization reversal; this is shown in
figure 3.1(b). By normalizing the laser induced Kerr rotation ∆θ against its static
value θ0 one can directly measure the relative change in magnetization ∆M/M0,z;
however in the plots we use the label ∆M/M0,z only when the data represent a
genuine magnetic response.

The final data set can be fitted with a function that describes the demagne-
tization process in terms of energy redistribution among electrons, phonons and
spins upon laser excitation, using the phenomenological three-temperature model
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Figure 3.1: Typical TRMOKE response to (a) linearly polarized light (LP)
pumping and (c) right (open circles) and left (full squares) circularly polarized
light (CP) pumping, for an out of plane applied field of ±2kG. (b) genuine mag-
netization response to LP pumping obtained by averaging the curves in (a); (d)
genuine magnetization response to right (open circles) and left (full squares) CP
pumping obtained by averaging the corresponding right and left CP curves in (c).
The solid lines in (b) and (d) are fits to the data using eq. 3.1. Inset: schematic
representation of the experiment; the canted magnetization forms an angle Φ with
the normal to the surface, CP pump photons carry a whole quantum of angular
momentum ±~, probe pulses are sensitive to Mz.

(3TM) introduced in chapter 1 [8]. In appendix A we derive an analytical solution
in the limit of low laser fluence, neglecting spin specific heat, and assuming an



3.4 Results and discussion 35

instantaneous rise of the electron temperature upon laser excitation:

−∆Mz(t)
M0,z

=

[(
A1F (τ0, t)− (A2τE −A1τM )e−

t
τM

τE − τM
−

− τE(A1 −A2)e
− t

τE

τE − τM

)
Θ(t) + A3δ(t)

]
?

? Γ(t) (3.1)

where Γ(t) is the Gaussian laser pulse, ? represents the convolution product, Θ(t) is
the step function and δ(t) is the Dirac delta function. The constant A1 represents
the value of −∆Mz/M0,z after equilibrium between electrons, spins and lattice
is restored. Cooling by heat diffusion is described by the function F (τ0, t). In
our case the data are well described by an inverse square root-like behavior, i.e.
F (τ0, t) = (

√
t/τ0 + 1)−1, with τ0 À τE and τ0 À τM . The constant A2 is

proportional to the initial electron temperature rise. The constant A3 represents
the magnitude of state filling effects during pump-probe temporal overlap that
can be well described by a delta function. The most important parameters are
τE and τM ; the first describes the timescale of electron-phonon (e-p) interaction
(typically ∼ 450 fs) that equilibrates the electron with the phonon system, the
latter describes the time-scale of the magnetization loss (typically ∼ 100 fs). As
shown in appendix A, both electron- and phonon-induced contributions can be
incorporated into a single parameter τM , which makes eq. 3.1 ideally suited to
extract a characteristic time scale without any presumptions about the underlying
mechanisms [46]. In the specific case of the data of figure 3.1(b) we obtained2:
A1 = 0.8%, A2 = 2.33%, A3 = 0.08%, τM = 73 fs, τE = 440 fs and τ0 = 4.2 ps. In
the following sections we will only focus on τE and τM .

The choice of initial values for the fitting parameters is very crucial: in par-
ticular, by starting with too low a value for τ0 one can end up describing the
remagnetization process with a 1/

√
t behavior, which would not have any physical

meaning and would mislead the evaluation of τE and τM . The fact that τ0 is about
one order of magnitude bigger than τE indicates that we are not mixing the heat
diffusion and the e-p relaxation processes, and that the values obtained for τE and
τM are genuine.

In figure 3.1(c) the demagnetization following RCP and LCP light pumping
is presented. As already reported in Refs. [49, 50], when the system is pumped
with CP light an additional peak appears at 0 ps delay, superimposed to the usual

2We would like to remark that the same dataset would yield τM = 135 fs if empirically fitted

by (1− e−t/τM )∆Te(t) as used in other works instead of equation 3.1.
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Figure 3.2: Demagnetization time τM (circles) and electron-phonon equilibration
time τE (squares) against the orientation of the λ/4 plate: the values are nicely
scattered around averages of 74 and 454 fs respectively (solid lines) showing no
dependency on pump helicity. The error bars (not visible for the circles) are the
standard deviations.

response. The extra peak does not change sign upon magnetization reversal, while
it changes sign when pump helicity is inverted. The origin of the peak lies in the
so called specular inverse Faraday effect (SIFE) and specular optical Kerr effect
(SOKE) contribution: in a simplified picture, CP photons transfer their angular
momentum to the electronic orbits and the enhanced orbital momentum is then
sensed by the probe beam. These coherent third order effects are not our main con-
cern; the interested reader is referred to e.g. Refs. [49, 50, 55] and references therein.
Besides the presence of the additional peak, we notice that a demagnetization is
always observed, independently of pump helicity, even when photons angular mo-
mentum and magnetization are parallel. This shows that neither direct transfer
of angular momentum between laser field and spins, nor a helicity-dependence of
laser-enhanced spin-flip scattering is the main mechanism giving rise to the de-
magnetization process. As to the latter, and in the spirit of the ZH model, we
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Figure 3.3: TIMMS measurements: the field dependent signal after the
SIFE/SOKE peak is due to a correlation between pump helicity and intensity
(lines are guides to the eye).

cannot exclude a helicity-independent laser mediated angular momentum transfer
within the electronic system. However, when neglecting the phonon system, such
a mechanism will leave the demagnetized material in a highly excited state, and,
for g ≈ 2 and the ground state magnetism dominated by spin momentum, cannot
lead to quenching of M by more than 50%.

Finally, we quantitatively explore whether the the presence of the extra peak
in Fig. 3.1(c) (related to the pump helicity) influences (i) the time-scale τM of
ultrafast demagnetization, or (ii) details of the final (demagnetized) state, a few
hundred fs after laser excitation.

To address point (i) we proceed as in the linear case by subtracting the two
signals obtained at opposite fields: as it can be seen in figure 3.1(d), the two curves
overlap showing no evident difference. In order to carry out a quantitative analy-
sis we repeated the procedure for different values of pump helicity, and fitted the
resulting curves with equation 3.1. The obtained values of τM and τE are plotted
as a function of pump helicity in figure 3.2: the data are nicely scattered around
average values τ̄M = (74 ± 4) fs and τ̄E = (454 ± 21) fs, and show no measur-
able dependency on pump helicity. This unambiguously provides a quantitative
proof that the time scales of demagnetization and e-p equilibration are completely
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independent of pump polarization.
As for point (ii), absorption of a circularly polarized photon leads to coherent

transfer of angular momentum to the orbital component of the excited electronic
state. Our data show, however, that after dephasing and re-establishing of the
ground state ratio of spin and orbital momentum in the magnetic state, no sig-
nificant transfer to the electronic system (magnetic moment) is left. As argued in
Ref. [16] this small transfer is expected to be of the order of ∆Mphot

M0
∼ ±0.01%.

In order to detect such a subtle contribution, a TIMMS modulation scheme can
be adopted. A typical dataset obtained from TIMMS measurements is plotted in
figure 3.3, the different curves corresponding to different applied field values. The
peak around 0 ps delay is once again the SIFE/SOKE contribution, and it is inde-
pendent of the applied field as one would expect from the TRMOKE experiments.
After the SIFE/SOKE peak, the signal goes back to zero if no field is applied, while
stabilizing to a small, though finite, value of ±0.05% when an out of plane field
of ±2 kG is applied. If this subtle contribution came from a genuine difference in
the response to RCP and LCP pumping due to a change in ∆Mz or Φ induced by
direct transfer of angular momentum, one would expect it not to change sign upon
field reversal. Therefore we conjecture that this small contribution is actually due
to a finite correlation between pump helicity and pump intensity, due to the not
exactly perpendicular incidence and to the presence of mirrors between the PEM
and the sample. Therefore the TIMMS measurements confirm the estimate of a
photon contribution of the order of ±0.01% at most.

3.5 Conclusions

In this chapter we investigated the ultafast spin dynamic response to CP laser
light excitation in a Ni thin (10 nm) film by means of TRMOKE and TIMMS,
aiming at a quantitative estimate of the influence of pump helicity on laser-induced
demagnetization. The analysis of the data showed that the typical timescales
involved in a demagnetization experiment are not affected by the polarization
of the pump pulse; in particular we determined a demagnetization time τM =
(74 ± 4) fs and an e-p equilibration time τE = (454 ± 21) fs. Moreover the high
resolution TIMMS measurements support the picture of a photon contribution to
the demagnetization process in nickel of no more than ±0.01%. This provides a
quantitative justification to some of the approximations used in microscopic model
that will be presented in chapters 5 and 6.



Chapter 4

Ultrafast demagnetization of

coupled Co/Pt multilayers

In this chapter we continue our exploration of the role of angular momentum con-
servation during laser-induced ultrafast demagnetization. We demonstrate that
inter-layer transfer of spin angular momentum in especially engineered samples
based on Co/Pt multilayers speeds up the demagnetization process, bypassing the
mechanism responsible for the conservation of total angular momentum taking
place in a single ferromagnetic layer. This new channel for spin angular momen-
tum dissipation leads to a reduction of the demagnetization time of up to 25%,
accompanied by an increase of the total demagnetization by the same amount.

4.1 Introduction

Since the discovery in 1996 that the magnetization of a nickel thin film is reduced
within a few picoseconds after femtosecond-laser excitation [8], ultrafast demagne-
tization received a thriving interest. This attraction is driven by the twofold chal-
lenge of understanding magnetization dynamics in the strongly non-equilibrium
regime and controlling the magnetic properties of materials on the sub-ps time-
scale, with potential applications in spintronics. In the last decade significant
progress has been made in understanding the microscopic processes that govern
ultrafast demagnetization [14–18]. The discussion has been particularly focused
on the role of momentum conservation during the demagnetization loss [23, 27, 48].

Another outstanding research theme that is attracting much attention encom-
passes the wealth of processes that has been discovered in the realm of spin transfer
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torque, whereby injection of a spin-polarized current is used to induce changes in
the magnetic properties of a sample. Recently, this effect has been heavily used
in spintronics devices to excite or reverse the magnetization (for a review see [57])
or to move a magnetic domain wall within a ferromagnetic nanowire [58]. In
these experiments, the torque is created by a spin polarized charge current. On
the other hand, theoretical predictions [59, 60] and experimental proofs [59, 61]
have shown that the reverse effect can also be expected: a pure spin current can
be created by magnetization dynamics in the absence of a charge current. This
mechanism, known as spin pumping appears at the interface between a ferromag-
net with a precessing magnetization and a normal metal, leading to polarization
of the electrons and a spin accumulation in the normal metal. Spin pumping was
first brought into light as a broadening of the ferromagnetic resonance line due
to an increase of the effective Gilbert damping parameter [62]. Only recently,
Woltersdorf et al. [63] have shown that the exchange of pure spin current in a
ferromagnet/normal metal/ferromagnet leads to magnetization dynamics.

It is the aim of this chapter to bridge the gap between ultrafast demagnetization
and spin transfer torque, by showing that the flow of spin polarized electrons in
especially engineered samples can influence the dynamics of a ferromagnetic metal
after pulsed laser excitation on the fs time scale.

4.2 The idea behind our investigations

The system that we choose for our study is composed of two antiferromagnetically
coupled Co/Pt multilayers. In this kind of system, antiferromagnetic coupling
can be obtained by separating the Co/Pt multilayers by a thin Ru [64] or NiO
spacer [65, 66] allowing us to stabilize two distinct magnetic configurations corre-
sponding to a parallel (P) or antiparallel (AP) alignment of the magnetization of
the multilayers. The idea is to selectively open a nonlocal source for spin transfer
by controlling the relative orientation of the magnetization of the two multilayers.
Beside the difference in coupling mechanisms, which is not relevant in the present
study, our choice to use these two different spacers is motivated by their opposite
electrical attributes, Ru being a conductor while NiO is an insulator. Thus, after
excitation of the system by an intense laser pulse, Ru allows for inter-layer transfer
of spin angular momentum due to hot electrons flowing from one layer to another,
while NiO prevents this transfer of electrons (Fig. 4.1). When an insulating layer
like NiO is used as a spacer (Fig. 4.1(a)), independently of the magnetic config-
uration, hot electrons are confined in their layer and no spin angular momentum
transfer is allowed; thereby, both Co/Pt multilayers can be considered as indepen-
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Figure 4.1: Schematic diagram of hot electrons localization and spin momen-
tum transfer after laser excitation for an insulating spacer (a) and for a metallic
spacer (b). (c) Schematic parabolic band structure of both Co/Pt multilayers. For
sake of clarity, only the majority band is shown. δMhe represents the amount of
demagnetization due to hot electrons spin angular momentum transfer.

dent. In contrast, in the case of a metallic spacer such as Ru, electrons are free
to travel from one Co/Pt multilayer to the other (Fig. 4.1(b) and (c)). In the P
state, transfer of spin momentum from one layer to the other does not lead to any
demagnetization because majority spins are parallel for both Co/Pt multilayers.
The system can be seen as a single ferromagnetic layer which is similar to the
system with a NiO spacer. On the contrary, in the AP state, majority spins in
both Co/Pt layers are antiparallel. The net spin current going from one layer to
the other carries a net angular momentum opposite to the magnetization direction
of the layer it is flowing into, changing the ratio between majority and minority
spins in each layer and thus decreasing their net magnetization. Hence, a larger
magnetization loss is expected in the AP state.
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Figure 4.2: Static magnetic properties and geometry of the samples. (a) Hystere-
sis loops measured by static magneto-optical Kerr effect on samples with a spacer
of 0.4 nm of Ru (top) and 1.2 nm of NiO (bottom). (b) Schematic representation
of the experiment. Configurations 1 and 2 represent the antiparallel (AP) and
parallel (P) states, respectively.

4.3 Samples preparation and static characteriza-

tion

Samples are grown by dc magnetron sputtering onto Si substrates with a native
oxide. Stacks consist of 10 Pt/[0.4 Co/0.7 Pt]4/0.4 Co/t S/ 0.4 Co/[0.7 Pt/ 0.4
Co]4/2 Pt (units in nanometers), with S being either Ru or NiO of thickness t.
The samples display a perpendicular anisotropy, i.e. at zero applied field the
magnetization of the Co/Pt multilayers is aligned out of the film plane.

This particular system has been specifically chosen for different reasons. First,
the polar Kerr rotation is in general larger than the longitudinal Kerr rotation
for such thin layers. Therefore, working with perpendicularly magnetized samples
provides a very large, nearly noise-free demagnetization signal, perfectly suitable
for the detection of subtle changes in the demagnetization time. A system of in-
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plane magnetized layers would require either a longitudinal MOKE measurement,
or a strong out-of-plane external field to induce a polar component; in both cases
a more difficult detection and complications in the data analysis can be expected.
Second, to facilitate the interpretation of the data, it is better to use the same
ferromagnetic multilayer on both side of the spacer. In such a case, different
switching fields are required to stabilize the AP configuration and they can be
obtained via an antiferromagnetic coupling. Third, both systems using either a Ru
or a NiO spacer have been well characterized and the system with the NiO spacer
is the only one which enables us to obtain an antiferromagnetic coupling through
an insulating spacer and that can be made by sputtering deposition. Moreover our
Co/Pt multilayers have proved very stable and the results reported in the paper
have been reproduced many times, even after several weeks, with utmost accuracy.

Static polar MOKE hysteresis loops measured on samples with 0.4 nm of Ru
and 1.2 nm of NiO are shown in Fig. 4.2(a). The two Co/Pt multilayers are an-
tiferromagnetically coupled and show two distinct switching fields separated by a
large antiferromagnetic plateau for both Ru and NiO spacers. The magnetization
directions for both Co/Pt multilayers are depicted in Fig. 4.2(b) for different mag-
netic applied fields. When the applied magnetic field is large enough to overcome
the antiferromagnetic coupling, magnetization of both multilayers are aligned in
the same direction (P state). When the applied magnetic field is smaller than the
interlayer exchange coupling, their magnetization directions are antiparallel (AP
state). The artificial antiferromagnets are fully compensated because of the two
identical Co/Pt multilayers used in every sample. Thereby, the net magnetization
in the AP state is zero. However, a nonzero MOKE signal is observed due to the
absorption profile of the laser when going deeper in the sample that causes a less
efficient probing of the bottom multilayer compared to the top one. By analyzing
static MOKE hysteresis loops displayed in Fig. 4.1(a), we can infer that 60% of
the signal comes from the top Co/Pt multilayer.

4.4 Time resolved experiments

TRMOKE experiments are realized using a pump-probe technique. Pump and
probe are issued from the same laser and have a power ratio of 20:1. The two
pulses hit the sample at almost normal incidence and they are focussed down to
the same 8 µm spot. The laser wavelength is 785 nm, corresponding to an energy
of 1.6 eV. In the P state, samples are saturated under a magnetic field of ±1500
G applied perpendicularly to the sample plane. In the AP state, first we take care
to reverse the top Co/Pt magnetization before switching the applied field to zero.
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∆θ/θ (%) τE (fs) τM (fs)

P AP APt P AP P AP

1.2 nm -2.0 -4.0 -3.8 396± 6 78±2 74±2

NiO

1.7 nm -2.0 -3.9 -3.8 395± 6 74±2 72±2

0.4 nm -2.2 -5.2 -4.2 373± 4 95±2 71±2

Ru

0.9 nm -2.2 -4.9 -4.2 370± 4 95±2 79±2

Table 4.1: Demagnetization magnitude measured from the demagnetization
curves, and demagnetization time τM and electron-phonon relaxation time τE

obtained from the fits. The subscript t denotes theoretical values obtained as
explained in the text

Typical TRMOKE measurements are shown in Fig. 4.3(a) for two Ru and
NiO thicknesses. For every spacer thickness, measurements were carried out in
both P and AP states. Interestingly, a striking difference between normalized
curves measured in the P and AP states is only seen when a Ru spacer is used
(Fig. 4.3(b)). In that case, a larger magnetization loss combined with a faster
demagnetization is observed in the AP state.

Fitting our measurements with eq. 3.1, as described in the previous chapter,
allows us to extract the characteristic demagnetization time τM and the electron-
phonon relaxation time τE (Table 4.1). The average values for the electron-phonon
relaxation time are τNiO

E = (396 ± 6) fs and τRu
E = (372 ± 4) fs for NiO and

Ru, respectively, and they are identical for both magnetic configurations. These
values are in good agreement with previous measurements on other ferromagnetic
transition metals [67]. More interestingly, the demagnetization time τM depends
on both the spacer and the magnetic configuration. For both thicknesses of NiO,
similar τM were extracted from the fits with an average value of τNiO

M = (75± 2)
fs independently of the magnetic state. On the contrary, when a Ru layer is used,
a difference in the demagnetization time is seen between the P and AP state (Fig.
4.3(b)). When both magnetization directions are parallel, a larger demagnetization
time of τRu

M (P ) = (95± 2) fs is measured in comparison to τRu
M (AP ) = (71± 2) fs

and τRu
M (AP ) = (79± 2) fs in the AP configuration for 0.4 nm and 0.9 nm of Ru

respectively.
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Figure 4.3: Time-resolved magneto-optical Kerr effect measurements. (a),
TRMOKE measured in the parallel (red or gray) and antiparallel (black) states
for different thicknesses of NiO (1.2 nm and 1.7 nm) and Ru (0.4 nm and 0.9 nm).
(b) Normalized TRMOKE measurement for 1.2 nm of NiO and 0.4 nm of Ru.
Curves are normalized at 3 ps, after electron thermalization. The solid lines are
fits to the data.

4.5 Discussion

The decrease of 25% in the demagnetization time observed in the AP state can
be ascribed to direct spin momentum transfer between both Co/Pt layers. The
small difference in τM and τE observed between samples with either a Ru or a NiO
spacer might be related to a change in hot electron transport and heat diffusion
between both Co/ Pt multilayers [67] and effects such as interface dependent spin-
flip scattering, but it is not of relevance in the present study.

In addition to a faster demagnetization, transfer of spin angular momentum
could also influence the amount of magnetization loss. To assess this point, we
compare the relative change in the Kerr rotation ∆θ/θ at the peak position around
0.2 ps. In the parallel state, a similar change of (∆θ/θ)P ' −2.0% is observed
whatever the spacer and its thickness. However, this is no longer the case in the
AP state. First, a larger change in the Kerr rotation is measured for both spacers.
This increase is due, as mentioned earlier, to the depth dependence of the Kerr
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signal because of the absorption profile of the laser in the sample. Second, a larger
change of (∆θ/θ)AP is seen for both Ru thicknesses compared to NiO and is clearly
visible after normalization of the TRMOKE curves (Fig. 4.3(b)).

Taking into account the absorption profile, it is possible to estimate (∆θ/θ)AP

using the value of (∆θ/θ)P . Assuming that the absorption during the laser pulse
excitation corresponds to the signal measured by MOKE and that both layers are
independent (i.e. no spin transfer), the contributions to the Kerr signal from the
top and bottom multilayers can be calculated: θtop−∆θtop = c∗0.6∗(1−0.6δ) and
θbottom−∆θbottom = c∗0.4∗(1−0.4δ) where c is the Kerr rotation of the system and
δ accounts for the real demagnetization. In the parallel configuration, the total
Kerr rotation is θP = c ∗ (1 − 0.52 ∗ δ), and thus (∆θ/θ)P = −0.52δ. From the
measurement, we can extract (∆θ/θ)P and then evaluate δ. Thus we can evaluate
the relative change of Kerr rotation in the antiparallel state using (∆θ/θ)AP =
−1.0δ, which is almost twice as large than in the P state. In the case of NiO, we
observe a very good agreement between measurements and estimates (∼ −4% and
−3.8% respectively). On the contrary larger discrepancies appear in the samples
with Ru spacer. In this case the theory predicts (∆θ/θ)theory

AP = −4.2%, while
experimentally we observe (∆θ/θ)exp

AP = −5.2% and (∆θ/θ)exp
AP = −4.9% for 0.4 nm

and 0.9 nm of Ru, respectively. The increase in the amount of demagnetization of
5.2−4.2

4.2 ∼ 25% and 4.9−4.2
4.2 ∼ 16% in the AP state is in line with the decrease of the

demagnetization time. These results clearly demonstrate that the demagnetization
time as well as the amount of demagnetization can be adjusted in a ferromagnetic
layer by controlling the transfer of spin angular momentum. We emphasize that
after equilibration (∼ 0.5 ps), the enhanced demagnetization due to the transfer
of spin is over, and thermalized AP and P curves converge as expected.

Finally, we would like to draw attention to the difference in the amount of
demagnetization and demagnetization time observed in the AP state for both Ru
thicknesses. We noticed a reduction in the amplitude of the demagnetization ac-
companied by an enhancement of the demagnetization time when the Ru thickness
is increased from 0.4 nm to 0.9 nm. This decrease could be attributed to a less
efficient transfer of the spin angular momentum from one layer to another when
the Ru thickness is increased due to the short spin diffusion length of Ru (4 nm at
300 K) [68]. Although this change is clearly measurable and reproducible, care has
to be taken before drawing a final conclusion and more experiments are needed to
confirm or deny this hypothesis.
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4.6 Conclusions

In this chapter we demonstrated the possibility of speeding up the demagnetiza-
tion process by opening a tunable channel for angular momentum dissipation in
especially engineered samples based on coupled Co/Pt multilayers. We showed
that the demagnetization time τM can decrease up to 25%, while the total amount
of demagnetization increases by a similar amount.

These results highlight once more the key role played by angular momentum
conservation in ultrafast laser-induced demagnetization. Moreover, we believe,
they pave the way towards a new research area at the boundary of ultrafast mag-
netization dynamics and spin-polarized transport, bringing spin transport phe-
nomena to the sub-picosecond, non-equilibrium regime.





Chapter 5

Microscopic model

We present a microscopic model that successfully explains the ultrafast loss and
recovery of magnetic moment following pulsed laser excitation in ferromagnetic
metals. The key element of the model consists in assigning a finite spin-flip prob-
ability to each electron-phonon or electron-impurity scattering event. Based on a
simple Hamiltonian we derive quantum mechanically the electron phonon relax-
ation time τE and the demagnetization time τM . A numerical implementation
of the model is also presented, and used to explore the possibility of picosecond
switching of magnetization in a reverse bias field. Part of the results presented
in this chapter have been published in Ref. [27] (theory) and Ref. [69] (numerical
calculations).

5.1 Introduction

As we saw in chapter 1, laser-induced demagnetization can be explained from a
phenomenological point of view through the so called three-temperatures model
(3TM), schematically represented in Fig. 5.1(a). This model is useful to estimate
the electron-phonon (e-p) equilibration time τE and the demagnetization time τM

from experimental transients, but does not provide any insight in the microscopic
mechanisms involved in the process. In order to go beyond the 3TM, the key
issue is to understand how and where the electrons transfer their spin momentum
upon laser heating. In chapter 3 and 4 we explored how angular momentum con-
servation can affect the demagnetization process. We saw that direct momentum
transfer between spins and photons is ruled out by both experimental data [48]
and numerical estimates [16], and that the magnetization loss can speed up when
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Figure 5.1: Schematic representation of the energy flow between electrons,
phonons and spins in the 3TM (a) and in our model (b).

an additional channel for momentum transfer is open. In this chapter we present
a quantum mechanical model based on the assumption that the electron spin is
transferred to the lattice via e-p scattering processes accompanied by spin flip
events with a finite probability, in the spirit of the theory of Elliot and Yafet [70].
Within the community, two presumptions about a phonon-mediated mechanism
are widespread: (i) a model involving phonons would be incapable of explaining
a demagnetization that is faster than the energy equilibration time τE between
the electron and the phonon system. The reason would be that if the spin system
were heated by interaction with the lattice, the spin temperature Ts would always
lag the lattice temperature Tp within the 3TM [8], as schematically indicated in
Fig. 5.1(a). (ii) In order to fully quench the magnetization [56], or even to switch
it after laser heating in a reverse bias [71] it would be necessary to heat the lattice
above TC , as could be argued on similar grounds. In section 2 we demonstrate
that the first presumption certainly does not hold for our model, showing that
τM < τE can be achieved for reasonable values of the spin flip probability [27, 72].
In section 3 we work out a numerical implementation of the model, in particular
focusing on the dynamics in an externally applied reverse magnetic field. Thereby,
we are able to address the second presumption mentioned above. We will show
that also this presumption does not hold. To reconcile the intuitive picture, we
propose an alternative schematic diagram for the energy flow between electron,
spin and lattice system after pulsed laser heating, as sketched in Fig. 5.1(b).
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5.2 Analytical model: the e-p scattering case

In this section we introduce the model and show how the e-p equilibration time
and the demagnetization time are calculated. As already mentioned in the intro-
duction our Hamiltonian is inspired by the theory of Elliot and Yafet. This theory
is valid for both e-p and e-impurity events accompanied by spin flip. Here we
mainly focus on the e-p case, while the impurity case will be discussed in the next
chapter (moreover, preliminary experiments based on the impurity model will be
presented in chapter 7). Energy and momentum conservation are implicitly as-
sumed throughout the chapter. We point out from the beginning that, remarkably,
both the e-p and the impurity case yield exactly the same result for τM .

5.2.1 Definition of the subsystems and their interactions

We introduce a simple model Hamiltonian as follows:

H = He +Hs +Hp +Hee +Hep +Heps. (5.1)

The first three terms in the Hamiltonian describe the three subsystems involved
in the demagnetization process: electrons (subscript e), spins (s) and phonons (p).
The last three terms describe the main interactions that are taken into account
of in our model: electron-electron interaction, electron-phonon interaction and
electron-phonon-spin interaction. A schematic representation of the microscopic
sub-systems and their interactions is shown in Fig. 5.2. Let us now briefly explain
each term of the Hamiltonian.

The first term reads

He =
∑

k

k2

NDf
c†kck, (5.2)

where c†k and ck describe creation and annihilation, respectively, of electrons in
state ~k. Electrons are thus described as spinless particles obeying Fermi-Dirac
statistics with a constant density of states DF around the Fermi level. We work in
the free electrons approximation, thus each electronic state is just a superposition
of Bloch functions

∣∣∣~k
〉

= N−1/2
∑

j exp(i~k · ~rj) |uj〉 on a lattice of N sites, where
~k is a reciprocal lattice vector, and uj is a local orbital at site j at position ~rj .

The second term reads

Hs = ∆ex

NS∑

j

Sz,j : (5.3)

it describes the spins as an ensemble of NS = NDS equivalent two level systems
obeying Boltzmann statistics. The energy splitting between the two levels ∆ex
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Figure 5.2: Schematic representation of the microscopic sub-systems and their
interactions: an electron can scatter to a lower energy by emitting a phonon and
flipping a spin.

depends in a self consistent way on the average spin moment S, according to the
Weiss model [73]:

2S =
1− e

− ∆ex
kBT

1 + e
− ∆ex

kBT

, (5.4)

where ∆ex = JS. The model predicts a critical behavior of the average spin at
temperature TC = J/4kB , as shown in Fig. 5.6(a). Throughout this work spin
operators are defined in units of ~, i.e. Sz = ±1/2.

The third term reads

Hp = Ep

NDp∑
q

(
1
2

+ a†qaq), (5.5)

where a†q and aq describe creation and annihilation, respectively, of phonons in
state ~q. The lattice is thus described as a set of DP equivalent harmonic oscilla-
tors per atomic site (phonon energy Ep = hνp) obeying Bose-Einstein statistics,
according to the Einstein model.

The second half of eq. 5.1 describes the main interactions within and among
the subsystems. The term

Hee =
U

N2

∑

k

∑

k′

∑

k′′

∑

k′′′
c†k′′′c

†
k′′ck′ck (5.6)
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describes the (screened) Coulomb e-e interaction that takes care of thermalization
of optically excited carriers towards a Fermi-Dirac distribution ρ(E, Te) at T =
Te; in practice, this thermalization takes approximately τT ∼ 50 − 100 fs for
the ferromagnetic transition metals such as nickel [46, 67]. In this study, this
interaction is supposed to be efficient enough to cause an instantaneous electron
thermalization. Phonons are considered to remain in internal equilibrium, i.e. we
assume infinitely fast p-p interactions, therefore no explicit Hpp term is included
in the Hamiltonian. As for the s-s interaction we will be assuming independent
spins experiencing an exchange field within the Weiss model.

The main interactions among the three subsystems involve e-p scattering pro-
cesses. The fifth term in eq. 5.1 describes e-p relaxation:

Hep =
λep

N

∑

k

∑

k′

NDp∑
q

c†kck′(a†q + aq), (5.7)

where λep is the matrix element for e-p scattering.
The last and most important term in the Hamiltonian reads:

Heps =
√

a

Ds

λep

N3/2

∑

k

∑

k′

NDp∑
q

Ns∑

j

c†kck′(a†q + aq)(sj,+ + sj,−), (5.8)

where we assigned a finite spin-flip probability a to each e-p scattering event in
the spirit of Elliot and Yafet theory [70]. A quantum of angular momentum can
thus be transferred between the spins and the lattice at each e-p event with a
probability a.

In Fig. 5.2 a schematic representation of the interactions among the three
subsystems is presented.

Having defined the Hamiltonian, in the next subsections we will make use of
Fermi’s golden rule to calculate the e-p and e-p-s scattering probabilities and from
these we will derive the e-p equilibration time and the demagnetization time.

5.2.2 Calculation of the e-p equilibration time

Electron-phonon relaxation is governed by the fifth term of our model Hamiltonian,
Hep. The phonon population rate when the electron temperature has been raised
by laser excitation to Te = T0 +∆T and the lattice is still at temperature Tp = T0

can then be estimated by applying the golden rule to eq. 5.7 and integrating over



54 Microscopic model

Figure 5.3: Calculation of the e-p equilibration time τE from the electron and
lattice temperatures.

all phonon emission and absorption processes:

Ṅp =
2π

~

∫
〈~n|Hep |~m〉 ρ(Em, Te)

=
2π

~

(
λep

N

)2

(NDF )2NDp[(1 + Np)f(Ep, Te)−Npf(−Ep, Te)]. (5.9)

In the expression Np = (eEp/kBTp − 1)−1 is the phonon occupation number ac-
cording to the Bose-Einstein distribution, and f(±E, Te) denotes the integral over
all electronic states for scattering processes in which the electron looses/gains an
energy E:

f(±E, Te) =
∫

(1− ρ(x, Te))ρ(x± E, Te)dx, (5.10)

where ρ(x, Te) is the occupation of an electronic state at energy x, for a Fermi-
Dirac distribution at (electron) temperature Te. The integral can be performed
analytically, with the result:

f(±E, Te) =
±E

exp(±E/kBTe)− 1
. (5.11)
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Therefore the computation of eq. 5.9 yields:

Ṅp =
π

~
D2

F Epλ
2
ep

[
coth

(
Ep

2kBTe

)
− coth

(
Ep

2kBTp

)]
. (5.12)

Notice that when equilibrium is reached (Te = T∞, Tp = T∞) the phonon popu-
lation rate goes to zero as expected. The population rate can then be converted
into a temperature rate through:

Ṫp = Ṅp

(
dNp

dTp

)−1

(5.13)

The relaxation time can be computed as sketched in Fig. 5.3 by considering the
final raise of phonon temperature T∞ − Tp and its rate Ṫp at t = 0 (or equiva-
lently the final loss of electron temperature and the electron temperature rate).
In formulas:

τE =
T∞ − Tp

Ṫp

= −T∞ − Te

Ṫe

, (5.14)

or equivalently, without having to calculate the convergence temperature:

τE = −Te − Tp

Ṫe + Ṫp

. (5.15)

The electron temperature rate can be expressed in terms of the phonon tempera-
ture rate by considering that energy should be conserved in the e-p equilibration
process, i.e. the energy that flows out of the electron system per unit time must
be absorbed by the lattice:

Ėe = ceṪe = −cpṪp, (5.16)

where ce and cp are the electron and lattice specific heats, respectively. Therefore
we get for the e-p equilibration time:

τE =
Te − Tp(
cp

ce
− 1

)
Ṫp

. (5.17)

After calculation of ce and cp from the Fermi-Dirac and Bose-Einstein distributions
respectively, equation 5.17 can be computed analytically. Without reporting the
full expression, here we focus on a particular approximation that holds valid in the
typical experimental conditions. Since the experiments are carried out at room
temperature, it is a reasonable approximation to neglect the electronic specific
heat [43, 74] in equation 5.17, i.e. cp

ce
− 1 ≈ cp

ce
. Moreover we restrict ourselves to

a lowest order expansion in the phonon energy Ep, obtaining:

τE =
~πkBTe

6DF DpEpλ2
ep

. (5.18)
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To get an idea of the orders of magnitude, we can plug in a set of reasonable
parameters for Ni. Following Ref. [27], for the density of states at the Fermi level
we choose DF = 5 eV−1 per atom. However we notice that in principle one would
expect a somewhat lower value, of the order of 1 eV−1. This can be easily derived
by comparing the theoretical estimate of the electronic heat capacity according to
the Fermi-Dirac distribution,

ce =
1
3
π2DF k2

BT = γT, (5.19)

with the experimental values. Choosing for nickel γ ≈ 4 × 103 Jm−3K−1 from
Ref. [43], one finds DF ≈ 1 eV−1 per atom.

We choose Dp = 1 phonon mode, i.e. we only take into account longitudinal
phonons. This is a reasonable approximation considering that for Tp ≤ ΘD (the
Debeye temperature of nickel is ΘD = 450 K) most modes will still be “frozen”.
For the phonon energy we take Ep = kBTe = 0.025 eV at room temperature.

Finally we need a value for the matrix element λep. This can be chosen em-
pirically to reproduce the e-p relaxation time observed in the experiments: for
λep = 0.013 eV we obtain τE ∼ 450 fs.

5.2.3 Calculation of the spin-flip rate

As in the previous subsection, we start our analysis in a full equilibrium situation at
ambient temperature T0, i.e. Te = T0, Tp = T0 and Ts = T0 (and S = S0). Sudden
laser excitation leads to an enhanced electron temperature, Te(0) = T0 + ∆Te(0),
while the spin system remains initially unaffected. Spin-flip events will equilibrate
the spin system to the new temperature with a characteristic time scale τM , as
depicted in Fig. 5.4. Similarly to what we found for τE in the previous subsection,
τM is defined by the relation τM Ṫs(0) = ∆Ts(∞). In the limit of low fluence and
neglecting the spin specific heat (cs ¿ ce, a reasonable approximation well below
TC) this is equivalent to τM Ṡ(0) = ∆S(∞), i.e. considering spin- rather than
temperature-transients. In order to estimate τM we thus need to find analytical
expressions for these quantities. We start by calculating the rate of change of
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average spin when Ts 6= Te. Using eq. 5.8 and Fermi’s golden rule one finds:

Ṡ =
2π

~
D2

F Dp

Ds
aλ2

ep[

(1 + Np)(
1
2
− S)f(∆ex + Ep, Te)−

− (1 + Np)(
1
2

+ S)f(−∆ex + Ep, Te) +

+ Np(
1
2
− S)f(∆ex − Ep, Te)−

− Np(
1
2

+ S)f(−∆ex − Ep, Te)], (5.20)

where the four terms within square brackets represent the four possibilities of
absorption/emission of a phonon and up/down spin-flip processes.

The calculation of Ṡ according to eq. 5.20 yields a complicated lengthy ex-
pression that we do not explicity report here. The spin-flip rate right after laser
excitation, i.e., the electron system at Te = T0 + ∆Te and the spin system still at
Ts = T0, is found as follows:

Ṡ(0) =
dṠ

dT

∣∣∣∣∣
T=T0

∆Te. (5.21)

The equilibrium spin density at temperature T = Tp = Te = Ts in terms of the
exchange splitting ∆ex, is found by requiring Ṡ = 0:

Seq(T ) = −1
2

tanh(∆ex/kBT ). (5.22)

From this expression the final change in the average spin after the system has
come back to equilibrium can be derived:

∆S(∞) =
dS

dT

∣∣∣∣∣
T=T0

∆Te. (5.23)

In equations 5.21 and 5.23 the electron temperature increase ∆Te is calculated at
t = 0 or t = ∞ depending on the ratio between τM and τE , as will be clear in the
next sections, where we will work out all these expressions in some limiting cases.

5.2.4 τM for kBT À Ep and kBT À ∆ex

We first restrict ourselves to the simpler case of large temperature, i.e. kBT À Ep,
kBT À ∆ex, and ∆ex independent of temperature. To the zeroth order in Ep and
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Figure 5.4: Calculation of the demagnetization time in the limiting cases τM À
τE (a) and τM ¿ τE (b); the dashed line is the electron temperature Te, the dotted
line is the lattice temperature Tp and the solid line is the spin temperature Ts; the
horizontal solid line represents the final convergence temperature T∞.

the first order in ∆ex, eq. 5.20 yields:

Ṡlin = −2πaD2
F Dpλ

2
ep

~EpDs
kBTp(4kBTeS + ∆ex). (5.24)

In the expansion one has to take into account that at high temperature the average
spin is linear in ∆ex.

We analyze the two limiting cases sketched in Fig. 5.4: τM À τE and τM ¿
τE . In the first case the lattice equilibrates with the electron system to the final
temperature T∞ before the spin temperature starts to increase. Therefore we first
have to equilibrate electron and lattice to T∞ in eq. 5.24, and then work out the
derivative according to eq. 5.21. The latter reads in this case:

Ṡlin,1(0) =
(

d

dT∞
(Ṡlin|Te=T∞,Tp=T∞)

) ∣∣∣∣∣
T∞≈T0

∆Te(∞). (5.25)

Expanding this expression to the first order in the exchange energy yields:

Ṡlin,1(0) =
2πaD2

F Dpλ
2
ep

~EpDs
∆ex∆Te(∞). (5.26)

The final change in average spin is found by expanding eq. 5.22 to the first order
in ∆ex and using eq. 5.23:

∆Slin,1(∞) =
∆ex

4T 2
0

∆Te(∞). (5.27)
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Therefore we have for the demagnetization time:

τM,lin,1 =
∆Slin(∞)

Ṡlin,1(0)

=
1
4

~
kBT0

1
α

, (5.28)

where we defined α = 2πλ2
epD2

F DpakBT0

EpDs
. This definition is advantageous not only

because it simplifies the equations, it also has a physical meaning. As shown
in Appendix B, α represents the intrinsic (spin-lattice induced) Gilbert damping
parameter that describes the damping of GHz precessional motion of the magneti-
zation vector. Therefore we see that a very simple inverse proportionality relation
between demagnetization time and Gilbert damping is obtained. This relation
will be explored in more detail in the next chapter, for the case of e-impurity
scattering.

In the second limiting case, τM ¿ τE , the spins equilibrate with the electrons
before the lattice temperature has significantly changed. Therefore in this case we
have to first calculate the derivative of the spin-flip rate to the electron temperature
and then set the temperatures to T0:

Ṡlin,2(0) =
dṠlin

dTe

∣∣∣∣∣
Te=T0,Tp=T0

∆Te(0). (5.29)

To the first order in the exchange energy, the expression yields

Ṡlin,2(0) =
2πaD2

F Dpλ
2
ep

~EpDs
∆ex∆Te(0). (5.30)

The final change in the average spin to the first order in ∆ex is in this case:

∆Slin,2(∞) =
∆ex

4T 2
0

∆Te(0). (5.31)

Therefore we get for τM :

τM,lin,2 =
∆Slin,2(∞)

Ṡlin,2(0)

=
1
4

~
kBT0

1
α

, (5.32)

exactly like in the previous case; therefore we define τM,lin = τM,lin,1 = τM,lin,2.
Note that in Ref. [27] in the case τM ¿ τE the prefactor is 1/8 rather than 1/4.
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This mistake is due to the fact that in that in Ref. [27] the linear expansion of eq.
5.20 in ∆ex is performed without taking into account the linear dependence of the
average spin on the exchange energy at high temperature.

It is interesting to compare τM,lin with τE and give a numerical estimate.
Taking into account equation 5.18 we find:

τM,lin

τE
=

3E2
pDs

4aπ2DF k3
BT 3

0

≈ 0.4
a

, (5.33)

where the last equality is obtained by taking Ep = kBT0 = 25 meV, DF = 5 eV−1

and Ds = 0.6. Therefore, remarkably, the model predicts a demagnetization time
faster than the e-p equilibration time for a spin-flip probability bigger than 0.4.

5.2.5 τM for kBT À Ep and arbitrary T-independent ∆ex

The analysis presented in the last subsection can be extended to the more general
case of arbitrary exchange splitting, i.e. kBT À Ep and ∆ex arbitrary. The
exchange splitting is still a fixed quantity that does not depend on the temperature.
To the zeroth order in Ep the expression for the average spin rate reads:

Ṡ∆ex = −2πλ2
epD

2
F Dpa∆exkBTp

~EpDs

(
1 + 2S coth

(
∆ex

2kBTe

))
. (5.34)

It can be shown that also in this case it makes no difference to distinguish between
the cases τM À τE and τM ¿ τE , therefore we will explicitly analyze only the
latter case. The spin-flip rate right after laser excitation, is found as follows:

Ṡ∆ex(0) =
dṠ∆ex

dTe

∣∣∣∣∣
Te=T0,Tp=T0

∆Te(0). (5.35)

The final change in the average spin after the system has come back to equilibrium
is:

∆S∆ex(∞) =
dSeq

dT

∣∣∣∣∣
T=T0

∆Te(0)

=
∆exsech2( ∆ex

2kBT0
)

4k2
BT 2

0

∆Te(0), (5.36)

and finally τM :

τM,∆ex =
∆S∆ex(∞)

Ṡ∆ex(0)

=
~ tanh(∆ex/2kBT0)

2α∆ex
. (5.37)
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Figure 5.5: demagnetization time vs. average spin in the case of large tempera-
ture and arbitrary T-independent exchange splitting.

By inverting eq. 5.22, we can express τM in terms of S rather than ∆ex:

τM,∆ex =
~S

2αkBT0arctanh(2S)
. (5.38)

We thus have an estimate of τM at a given temperature as a function of the av-
erage spin. As it can be seen in Fig. 5.5, independently of the exchange interaction,
the demagnetization time is always smaller than τM,lin.

5.2.6 τM for kBT À Ep and arbitrary T-dependent ∆ex

In this subsection we still work under the assumption kBT À Ep, ∆ex arbitrary,
and we work out an analytical expression for τM , explicitly taking into account a
temperature dependence of ∆ex according to the Weiss model.

When introducing a temperature dependent exchange coupling, the average
spin rate Ṡ(0) stays unchanged, since it is calculated when only the electron tem-
perature has raised and the spin temperature (and thus the exchange) is still at its
equilibrium value. On the other hand the final change in average spin ∆S(∞) will
be different from what we found in the previous subsection because it is calculated
at a higher temperature, and therefore a lower exchange. We define the average
spin within the Weiss model (plotted in Fig. 5.6(a)) as SW (X), where X = T/TC
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Figure 5.6: Magnetization vs. temperature (a) and the function F (X) defined
in the text (b) within the Weiss model.

is the normalized temperature, and we obtain for the demagnetization time:

τM,W =
1

TC

dSW (X)
dX

1

Ṡ∆ex(0)

= F (X)
1
4

~
kBTC

1
α

, (5.39)

where we defined

F (X) =
4SW (X)

(1− 4S
2

W (X))arctanh2(2SW (X))

dSW (X)
dX

. (5.40)

As shown in Fig. 5.6(b), this function is unitary within 20% up to TC/2, therefore
we can again obtain a very simple relation between demagnetization time and
Gilbert damping:

τM,W ≈ 1
4

~
kBTC

1
α

. (5.41)

Similarly to what we have done in equation 5.33, we can compare the demag-
netization time with the e-p equilibration time:

τM,W

τE
=

3E2
pDs

4aπ2DF k3
BT 2

0 TC
≈ 0.2

a
(5.42)

where the last equality is obtained by taking Ep = kBT0 = kBTC/2 = 25 meV,
DF = 5 eV−1, Ds = 0.6 and F (X) = 1. In this case the model predicts a demag-
netization time equal to the e-p equilibration time even for a spin flip probability
as low as 0.2.
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5.2.7 Discussion

We have demonstrated that presumption (i) mentioned in the introduction does
not hold for our model, and a demagnetization that is faster than the e-p energy
equilibration can be obtained for a value of a that is realistic in the sense that
it does not require a spin-flip probability exceeding 1. We also note that values
of a have been tabulated before for some non-magnetic metals [75], but not for
ferromagnetic transition metals. It was found that a scales roughly with Z4. From
a comparison with copper, for nickel this dependency would yield a value of a few
thousandths at most. However, it was also found that band structure effects –in
particular band degeneracies near the Fermi level– can increase a by two orders
of magnitude [76]. Realizing that such band degeneracies are common for the
transition metal ferromagnets, a value of the order of a = 0.1 is certainly not
unreasonable.

A further confirmation comes from an interesting link that can be made with
transport in GMR structures in the CPP geometry (current perpendicular to the
plane). With reference to the theory of Fert and Valet [77], we define the average
spin diffusion length in a ferromagnet as:

1
l2sf

=
1
l2↑

+
1
l2↓

, (5.43)

where l↑(↓) is the spin diffusion length for majority (minority) carriers. The spin
diffusion length is related to the spin-flip relaxation time τsf, that describes the
relaxation of spin polarization due to spin-flip events, through the spin diffusion
constant D↑(↓):

l2↑(↓) = D↑(↓)τsf. (5.44)

Therefore we have
l2sf =

τsf

D−1
↑ + D−1

↓
≈ 1

2
τsfD, (5.45)

where in the last equality we approximated the two spin diffusion constants with
the average diffusion constant, i.e. D↑ ≈ D↓ ≈ D. The average diffusion constant
can be calculated from the Fermi velocity and the total electronic relaxation time
via D = 1

3v2
F τ0. Then we obtain:

l2sf =
1
6
v2

F τ0τsf. (5.46)

The spin-flip probability of the Elliot-Yafet theory can be defined as the ratio
between the spin-flip scattering rate and the total scattering rate, i.e.:

a =
τ0

τsf
=

v2
F τ2

0

6lsf
. (5.47)
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Taking a set of reasonable parameters for a transition metal like cobalt (vF ≈
1.6× 106 m/s, τ0 ≈ 25 fs and lsf ≈ 50 nm from Ref. [78]) we end up with a = 0.1.

In conclusion, a value of the spin-flip probability of the order of 0.1 seems to
be a reasonable expectation for transition metal ferromagnets. Therefore, phonon-
mediated spin-flip scattering in the spirit of Elliot and Yafet may indeed provide
a significant contribution to the sub-ps magnetic response.

5.3 Numerical implementation

In this section we discuss numerical solutions of the model, based on the same
Hamiltonian introduced in eq. 5.1. In order to implement the model numerically
it is necessary to discretize the Fermi-Dirac distribution ρ(E, Te) with a mesh size
∆E, typically of the order of a few meV. The discretized distribution is called
ρD(E, ∆E, Te). Phonons and spins are described as in the previous section. Laser
excitation is described by absorption of photons leading to a non Fermi-Dirac elec-
tronic distribution at a higher energy. The three systems relax back to equilibrium
at a higher temperature through e-e, e-p (with probability (1−a)) and e-p-s (with
probability a) interactions. These are implemented by writing coupled rate equa-
tions based on the relative terms in the Hamiltonian 5.1, analogously to eq. 5.9,
where the f -integral is calculated using ρD(E, ∆E, Te) rather than ρ(E, Te). At
each time step the electrons, phonons and spins occupation numbers are calculated
and from these the electron temperature Te, phonon temperature Tp and spin tem-
perature Ts, or equivalently average spin S (for simplicity we drop the notation
S) are derived. Special care has to be taken in deriving Te when the electrons
system is out of equilibrium, since the temperature is not defined in this case.
Simulations showed that “good” temperature definitions can be achieved based on
the excess energy of the electron distribution (total energy of the electrons above
the Fermi level) and the excess electronic occupation (total number of electrons
above the Fermi level). In order to speed up the calculations e-e interaction is ne-
glected in the present section (as in the analytical case) and the laser excitation is
implemented by simply raising the electron temperature; in this case the electron
system is always in internal equilibrium and the temperature is well defined.

5.3.1 Validation of the microscopic model

In the previous section analytical expressions for τM and τE were derived in the
approximation kBT À Ep. However, since the Debye temperature of Ni is 450
K [79], it is more reasonable to expect kBT ≈ Ep at room temperature. It is there-
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Figure 5.7: Numerical implementation of the microscopic model: evolution of
Te, Tp and TS after laser heating.

fore interesting to use the numerical model (where room temperature and phonon
energy can be chosen freely) to test the validity of the analytical predictions. In
particular we will verify: (i) that, even for kBT ≈ Ep, a demagnetization faster
than e-p equilibration can be achieved for reasonable values of the spin-flip param-
eter a, (ii) that the ratio τM/τE depends on the spin-flip probability a according
to equation eq. 5.42, and (iii) that τE depends on DF , Dp and Ep as predicted by
eq. 5.18.

In Fig. 5.7(a) the evolution of Te, Tp and Ts after laser heating is plotted for
different values of the spin-flip probability a, showing indeed the possibility of
τM ¿ τE for a = 0.1, by proper choice of the model parameters. For this specific

Typical set of parameters for the numerical simulations

DF (eV−1) Dp (modes) Ds (spins) Ep (meV) λep (meV)

5 1 0.6 36 13

Table 5.1: Summary of the parameters used in the simulations. All the values
refer to a single (average) atom.
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Figure 5.8: (a) Dependence of the ratio τM/τE on the spin-flip probability a; the
solid line is a calculation according to eq. 5.42 with no adjustable parameters. (b-
d) Dependence of the e-p equilibration time τE on the parameters Ep (b), DF (c)
and Dp (d); the solid lines are calculations according to eq. 5.18 with no adjustable
parameters.

simulation, the latter are summarized in table 5.1.
In Fig. 5.8(a) the dependence of the ratio τM/τE on the spin-flip probability

a is presented. The data points are obtained by running simulations where only
the parameter a was varied, and the other parameters are the same as in the
previous simulation. The obtained spin temperature transients are fitted with an
function similar to eq. 3.1, yielding the plotted values of τM/τE . In the graph,
the solid lines is a theoretical predictions according to eq. 5.42, where we used the
very same parameters used in the simulations (i.e. no adjustable parameters). A
reasonable agreement is obtained, confirming that eq. 5.42 is valid also under less
strict conditions than those under which it was derived.

In Fig. 5.8(b-d) the dependence of τE on the model parameters DF , Dp and
Ep is presented. The data points are obtained by running simulations where
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only the relevant parameter was varied, and the other parameters are the same
as in the previous simulation, except for the spin-flip probability which is set
to zero, i.e. the spin system is disregarded. The obtained electron and phonon
temperature transients are fitted with an exponential decay yielding the plotted
values of τE as a function of the relevant parameter. In the graphs, the solid lines
are theoretical predictions according to eq. 5.18, where we used the very same
parameters used in the simulations (i.e. no adjustable parameters). Also in this
case, a reasonable agreement is obtained, confirming that eq. 5.18 is valid also
under less strict conditions than those under which it was derived.

5.3.2 Switching in a reverse field

In the following we investigate how the response of the three system to laser
excitation changes in the presence of an applied field. Therefore the exchange
splitting of the two separate spin levels Sz = + 1

2 and Sz = − 1
2 is written as

∆ex(S) = JS + γµ0H, where γ is the gyromagnetic ratio, and H is the applied
field, assumed collinear with the original magnetization. The evolution of Te,
Tp and S is being evaluated for different values of the applied field H. Field
strengths are described in terms of a dimensionless parameter h = 2γµ0H/J . For
the parameters used, h = 10−4 corresponds to a field of the order of µBH ∼ 0.1
Tesla. Heat diffusion is neglected and the rest of the model parameters are the
same as in the previous subsection.

In ordinary Curie point writing, cooling down of the system after heating above
TC proceeds via heat diffusion. Aiming at addressing the ultimate time scales,
however, we explore the possibility to exploit cooling of the electron system via
equilibration with the lattice. Therefore, we discuss a specific case where T0 <

TC < T0 + ∆T . and Te(∞) = Tp(∞) < TC . For the parameters chosen, τM ∼ 100
fs < τE ∼ 450 fs. Results for various values of H are displayed in Fig. 5.9.

We see that for the specific laser fluence chosen, the electron system is heated
above TC indeed, but drops below after equilibrating with the lattice. The initial
ultrafast demagnetization process is relatively independent of the applied field.
This can be seen more quantitatively in Fig. 5.11, where τM as obtained from an
exponential fit of the first part of the S(t) trace is plotted versus h. Nevertheless,
in Fig. 5.9 a switching to the reversed state is not observed at the lowest fields
used (e.g h = 10−5), because before the net spin has changed sign, the electron
temperature has already dropped below TC .

Next, we concentrate on values of the applied field that are sufficient for rever-
sal. We observe a dramatic decrease of reversal time when increasing the applied
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Figure 5.9: Modeling the process of laser-induced magnetization reversal in an
externally applied reverse bias field, as discussed in the text. The laser fluence is
chosen such that the lattice temperature stays below TC = 620 K, but the electron
temperature is raised above. Open triangles and squares represent the lattice
and electron temperature (left axis). Drawn thick curves represent the average
spin for a number of applied fields as indicated; the thinner curves correspond to
intermediate field values. The dotted curve represents the difference of data for
fields -0.1 and 0 1 T (shifted along the vertical axes for clarity).

field. Its origin can be explained best by introducing two different time scales:
(i) a nucleation time τN at which 10% of the final magnetic moment has estab-
lished, and (ii) a growth time τG, determined by the value of [(dS(t)/dt)/S(∞)]−1

at the steepest part of the S(t) curve. The definitions of these time scales are
illustrated in Fig. 5.10 and the field-dependence of both time scales is shown in
Fig. 5.11. Firstly we note that extremely rapid reversal within ∼ 10 ps is possible
at sufficiently large fields. Secondly, the increase in reversal speed at larger fields
is predominantly due to the reduction of the nucleation time. This can be easily
understood. When reaching the paramagnetic state above TC , a finite magnetic
moment proportional to h remains. This paramagnetic moment acts as a seed for
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Figure 5.10: Definitions of the switching time scales

the growth process, and the larger its value the faster the nucleation proceeds. Fi-
nally, we address τG. During the final growth, the applied field h can be neglected
with respect to the exchange field. Nevertheless, also τG decreases at increasing
h. This can be traced back to the slowing down of the cooling rate of the electron
system as a function of time. The shorter the nucleation process, the earlier the
actual growth starts. This is consistent within the limit τM ¿ τG, the actual
growth is dominated by the cooling down of the electron dynamics rather than by
magnetic limitation.

As a specific noteworthy feature, we also plotted the difference of the curves
at opposite fields (h = −10−4 and +10−4) in Fig. 5.9. The finite difference trace
clearly demonstrates that remagnetization towards the original direction is slightly
faster than the reversal to the opposite orientation. Here a clear analogy to experi-
mental reversal experiments by Hohlfeld et al. [71] can be drawn. We do emphasize
that in the experiment time scales are significantly larger because of the diffusion
limited cooling rates. Nevertheless, the observation certainly motivates a more
detailed comparison, including thermal diffusion in our simple model.

5.3.3 Discussion

The numerical implementation of the model allows for reproduction of the demag-
netization transients with τM < τE even for values of the spin-flip probability as
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Figure 5.11: Demagnetization time τM , nucleation time τN and growth time τG

for the reversal simulation depicted in Fig. 5.9 (the solid lines are guides to the
eye). The dashed line represents the asymptotic field value below which reversal
could not be achieved.

low as 0.1. The theoretical prediction for the e-p equilibration time according to
eq. 5.18 is confirmed by the simulations. Moreover, switching experiments in a
reverse field can be simulated, showing, apart from all the detailed dependencies
discovered, that the model does allow for a reversal of the magnetization in the
limit that the lattice temperature remains below the Curie temperature –despite
the fact that phonons are involved. This clearly pinpoints deficiencies of the 3T
model (or at least too naive an interpretation of it). The 3T model does certainly
not include all classes of potential mechanisms for demagnetization. In particu-
lar, for the model we discussed here, the energy flow after laser excitation of the
electron system is predominantly from the electron to the spin system –trying to
balance out temperature differences between them. However, the relevant mecha-
nism relies on creation and annihilation of phonons, processes that become strongly
enhanced at elevated temperatures. Thereby, the rate of the energy transfer be-
tween electron and spin system is strongly controlled by the temperature of the
phonon system. A schematic representation of such a mechanism is depicted in
Fig. 5.1(b).

Possible extensions to the numerical model are: implementing a more realistic
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distribution of phonon modes (e.g. using the Debye model); including heat dif-
fusion through the lattice; implementing a time dependent applied field to study
e.g. the role of the inverse Faraday effect in ultrafast demagnetization.

5.4 Conclusions

In this chapter we presented a microscopic model that successfully explains the
ultrafast loss and recovery of magnetic moment following pulsed laser excitation in
ferromagnetic metals. The key element of the model consists in assigning a finite
spin-flip probability to each electron-phonon or electron-impurity scattering event.
Analytical expressions for the electron-phonon relaxation time τE and demagneti-
zation time τM were derived, showing that the demagnetization can proceed faster
than e-p relaxation for reasonable values of the spin-flip probability. A numeri-
cal implementation of the model was also presented, showing a good agreement
with the analytical calculations despite the crude approximations in the latter.
Switching experiments in a reverse field have been simulated, demonstrating the
possibility of achieving a complete reversal of the magnetization even if the lattice
temperature stays below TC . Finally, an appealingly simple inverse proportional-
ity relation between τM and the Gilbert damping parameter is predicted by the
analytical model. This relation will be investigated in more detail in the next
chapter.





Chapter 6

Unifying ultrafast

magnetization dynamics

We extend our microscopic model to the case of impurity scattering and demon-
strate that τM can be directly related to the so-called Gilbert damping factor α that
describes damping of GHz precessional motion of the magnetization vector. Inde-
pendent of the spin-scattering mechanism, an appealingly simple equation relating
the two key parameters via the Curie temperature TC is derived, τM ≈ 1

4~/kBTCα,
with ~ and kB the Planck and Boltzmann constant, respectively. Part of the results
presented in this chapter has been published in Ref. [27].

6.1 Introduction

Among the most challenging and outstanding questions in today’s condensed mat-
ter physics is the ultrafast quenching and growth of ferromagnetic order at a time
scale τM of only a few hundred femtoseconds after pulsed laser excitation. An
apparently unrelated issue in applied magnetism is the damping of GHz preces-
sional motion of the magnetization vector, described by the Gilbert damping factor
α. The latter is of utmost importance for high-frequency switching of magnetic
devices and media, but microscopically being poorly understood. Within this
chapter we unify the two phenomena, relating them even though their charac-
teristic time scales differ by many orders of magnitude. In the previous chapter
we already anticipated that, within our microscopic theoretical model, a direct
relation between demagnetization time and Gilbert damping could be achieved.
This relation, firstly introduced by Koopmans et al. in [27], was recently confirmed
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in [80] using an atomistic approach (based on the so called Landau-Lifshitz-Bloch
equation), and in [81] by means of micromagnetic simulations.

The chapter is organized as follows: In section 2 we give a naive intuitive
justification of the inverse proportionality between τM and α and present some
experimental data to support our calculations; in section 3 we extend our micro-
scopic model to the case of electron-impurity scattering giving a full derivation of
both τM and α; in section 5 we discuss some conclusive remarks.

6.2 The physics behind a unification

Our analysis starts with considering precessional dynamics of the magnetization
vector ~M in an effective field ~H, as described by the Landau-Lifshitz-Gilbert (LLG)
equation:

d ~M

dt
= −γµ0

(
~M × ~H

)
+

α

Ms

(
~M × d ~M

dt

)
, (6.1)

with γ = gµB/~, the Bohr magneton µB , and the Landé factor g ≈ 2. The
first term describes the torque that leads to a precession at frequency ωL = γµ0H.
The second term describes dissipation of energy and a convergence of the magnetic
moment to align with ~H. In the fully isotropic case, the typical dissipation time is
given by τLLG = 1/ωLα. Even for fields of a Tesla and a relatively large damping
of α ∼ 0.1 this yields a τLLG of more than 100 ps, three orders of magnitude slower
than the laser-induced (de)magnetization phenomena.

In contrast, let us next consider an individual electron spin that is not aligned
with the sea of other electrons. Such an electron will experience an exchange field
of the order of 103 Tesla, and thereby precesses at an extremely high frequency.
Let us further conjecture, as originally suggested by Ruigrok [82], that the damp-
ing of the resulting single electron precession is governed by a phenomenological
damping parameter α similar to its macroscopic counterpart in eq. 6.1. Then, the
precession of the single electron would damp out at an extremely rapid timescale
of τ = 1/ωLα ∼ 100 fs even for a moderate damping of 0.01. It is the main goal
of this chapter to demonstrate the validity of the naive conjecture from quantum-
mechanical principles. I.e., we directly relate (i) the relaxation of (non-equlibrium)
elementary spin fluctuations towards equilibrium among the spin, lattice and elec-
tron system, with (ii) the Gilbert damping of the mesoscopic or macroscopic mag-
netization vector during its alignment with the effective field.

As to the experimental verification of the forthcoming predictions, we choose an
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Figure 6.1: Main: Experimental development of the induced perpendicular com-
ponent of ~M (∆Mz(t)/Mz(0)) after laser heating a nickel thin film at t = 0, and
starting with ~M canted out of plane by applying an external field ~Bappl. A sub-ps
quenching of M is observed followed by a recovery via e-p relaxation, and finally,
at t > 100 ps a damped precession of the magnetization. Insets: precession of an
individual spin in the exchange field (left) and of ~M in the effective field (right).

all-optical approach in which both demagnetization and precession can be triggered
by a single laser pulse and successively probed by recording the magneto-optical
response after an adjustable delay time. Details of this pump-probe technique have
been discussed in the previous chapters, and will be briefly reviewed in chapter
7. A typical result for a nickel thin film (Si/5 nm SiO2/10 nm Ni) is represented
in Fig. 6.1. Right after laser excitation a drop in the MO contrast is observable
associated with a lowering of the magnetic moment. A characteristic time scale
τM = 150 fs is found1. After an optimum in the signal at ∼ 300 fs, the signal
recovers due to a cooling of the electronic system when equilibrating with the
lattice. From the exponential recovery an e-p energy relaxation time τE = 0.45 ps

1The data have been fitted with a phenomenological function of the type (1− et/τM )∆Te(t).

If fitted with equation 3.1 the dataset would yield τM ≈ 80 fs.
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is fitted. At a much longer time scale, an oscillatory signal represents a precession
of ~M , launched by the sudden perturbation of the magnetic anisotropy by the laser
heating and driven by the in-plane component of the canted applied magnetic field.
Fitting the damped oscillation and using the Kittel equation (see e.g. chapter 7,
equation 7.4) yields H = 33 kA/m, τLLG = 690 ps, and α = 0.038 (to be compared
with 0.02–0.03 as obtained by ferromagnetic resonance at room temperature on Ni
single crystals [83]). Our microscopic theory relates this value of α with τM . As
we will see in the forthcoming sections, this relation is valid on general grounds,
independently of the details of the scattering mechanism.

6.3 Analytical model: the e-impurity scattering

case

The microscopic model presented in chapter 5 is based on a simple Hamiltonian
inspired by Elliot-Yafet type of spin-flip scattering by electrons interacting with
impurities or phonons [70]. In this section we extend our model to the impurity
case, giving an explicit derivation of τM and α.

6.3.1 Definition of the subsystems and their interactions

Similarly to what we did in the previous chapter, in order to derive analytical ex-
pressions for the various time scales, we make the following crude approximations.
We consider a Fermi sea of spinless electrons with a constant density of states
DF , described by Bloch functions

∣∣∣~k
〉

= N−1/2
∑

j exp(i~k · ~rj) |uj〉 on a lattice

of N sites, where ~k is a reciprocal lattice vector, and uj is a local orbital of site
j at position ~rj . A separate spin bath is defined, obeying Boltzmann statistics
and described by a total number of Ns ≡ NDs equivalent two-level systems with
an exchange splitting ∆ex that depends in a self-consistent way on the average
spin moment S, i.e., using a mean-field (Weiss) description: ∆ex = JS, where the
exchange energy J is related to the Curie temperature via kBTC = J/4. Spin
operators are defined in units of ~, i.e. Sz = ±1/2.

In the impurity case our Hamiltonian reads:

H = He +Hs +Hee +Hsi, (6.2)

Hsi =
λsi

N

∑

k

∑

k′

Ns∑

j

c†kck′(sj,+ + sj,−), (6.3)

where, as defined in chapter 5, He and Hs represent the electron and spin system,
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respectively, and Hee represents the (screened) Coulomb term that is assumed
efficient enough to cause an almost instantaneous thermalization of optically ex-
cited carriers towards a Fermi-Dirac distribution ρ(E, Te) at T = Te. In practice,
this thermalization takes approximately τT ∼ 50 − 100 fs for the ferromagnetic
transition metals such as nickel. Within the spin-flip term Hsi, c†k and ck describe
creation and annihilation, respectively, of electrons in state ~k, whereas sj,+ (sj,−)
denotes a spin up (down) flip of spin j. Note that the prefactor λsi scales with
impurity concentration.

6.3.2 τM in the impurity model

In order to derive for this H the dynamical response described by Te(t) and Ts(t),
we start in a full equilibrium situation at ambient temperature T0, i.e. Te =
T0 and Ts = T0 (and S = S0). Sudden laser excitation leads to an enhanced
electron temperature, Te(0) = T0 +∆Te(0), while the spin system remains initially
unaffected. The nonequilibrium situation causes an imbalance of spin up and spin
down scattering. Using eq. 6.3 and Fermi’s golden rule, we can thus calculate
the rate at which the average spin changes right after excitation, Ṡ, from which
the spin temperature rate Ṫs can be derived. An estimate of τ−1

M is obtained by
normalizing Ṫs by the difference in equilibrium spin value before and after laser
heating, τ−1

M = Ṫs(0)/∆Ts(∞), as illustrated in Fig. 6.2, which in the limit of low
laser fluence is equivalent to τ−1

M = Ṡ(0)/∆S(∞).
The spin-flip rate is:

Ṡ =
2π

~

∫
〈~n|Hsi |~m〉 ρ(Em, Te)

=
2π

~
λ2

siD
2
F [(

1
2
− S)f(∆ex, Te)− (

1
2

+ S)f(−∆ex, Te)], (6.4)

where f(±∆ex, Te) denotes the integral over all electronic states for scattering
processes in which the electron looses/gains an energy ∆ex, as introduced in the
previous chapter. The expression can be computed analytically yielding

Ṡ = −π

~
D2

F λ2
si∆ex

(
1 + 2S coth

(
∆ex

2kBTe

))
. (6.5)

By requiring Ṡ = 0 we find the equilibrium spin density at temperature T :

Seq(T ) = −1
2

tanh(∆ex/kBT ). (6.6)

For calculating the demagnetization time we use the scheme introduced in Fig.
6.2. Neglecting the spin specific heat, the final change in average spin after the
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Figure 6.2: Evolution of electron (dashed line) and spin (solid line) temperature
for the impurity model, showing the construction of τM .

system has come again to equilibrium can be written:

∆S(∞) =
dSeq

dT

∣∣∣∣∣
T=T0

∆Te(0). (6.7)

The spin-flip rate right after laser excitation is found from eq. 6.5:

Ṡ(0) =
dṠ

dTe

∣∣∣∣∣
Te=T0

∆Te(0). (6.8)

Similarly to what was done in chapter 5, all the above expressions can be computed
analytically within the Weiss model, finally yielding for τM :

τM,i =
F (X)

4πD2
F λ2

si

~
kBTC

, (6.9)

where X = T/TC is the normalized temperature and the function F (X) has been
defined in eq. 5.40.

6.3.3 Calculation of the Gilbert damping

Starting from the same model Hamiltonian, we derive a value for the Gilbert
damping. In practice this means that rather than describing thermal fluctuations
of the spin system, we concentrate on the dynamics of the net spin moment.
Therefore, in calculating the dynamics of the macro spin ~S(t), we only consider
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Figure 6.3: (a) Schematic representation of the macrospin ~S: when ~S is
aligned with the external field (along the z-axes) its value is N/2, when ~S forms
an angle θ with the applied field, corresponding to lowering m spins, we find
Sz = −N/2 cos θ = −N/2 + m; (b) Macrospin in polar coordinates, showing the
unitary vector θ̂.

the high-spin state with total spin S = Ns/2 (as would be the case for infinitely
large exchange splitting, ∆ex À kBT ). This leads to a multiplet with total spin
S = Ns/2 and Ns + 1 sublevels, |Ns,m〉, with different expectation values for
Sz = −Ns/2 + m, where m counts the number of spin-down states, as depicted
in Fig. 6.3(a). These states can be constructed by applying lowering operators
to the state fully aligned with the external field H, along the z-axis, |Ns, Ns〉 =
| ↑, ↑ ... ↑> (note that this is the ground state with all the spins up, for which
Sz = −Ns/2), with the result:

|Ns,m >=
1√(
Ns

m

)
∑

δ(Sz = −Ns/2 + m) |σ1, σ2...σNs〉 , (6.10)

where the summation runs over all spins σj being up or down, and the delta
function selects only those permutations with proper value of Sz.

It is easily shown that in an applied field, the Zeeman splitting between the
sub-levels causes a precession of this macro spin identical to the first term in eq.
6.1, provided that ~M = ~S. Taking into account also the phenomenological Gilbert
damping term, the equation can be rewritten as:

(1 + α2)
d~S(t)

dt
= −γµ0(~S × ~H) +

αγµ0

S
~S × (~S × ~H). (6.11)
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This yields, after introducing the time dependent angle θ(t) between the macrospin
and the applied field as depicted in Fig. 6.3(b), and polar coordinates (θ̂, φ̂, ẑ):

(1 + α2)
d~S(t)

dt
= −γµ0SH sin θ(t)(φ̂− αθ̂). (6.12)

Since typically α ¿ 1, we can neglect the term α2. Then we obtain for the
z-component

dSz(t)
dt

= γµ0αSH sin2 θ(t), (6.13)

and we can finally express the Gilbert damping parameter as a function of the
total spin S = Ns/2 and its z component:

α =
dSz(t)

dt

γµ0SH sin2 θ(t)
. (6.14)

In order to derive the dissipative part of the dynamics, we calculate the impurity-
term induced matrix element A for scattering up/down from state |Ns,m〉 to
|Ns,m± 1〉. Using the definition of the spin-flip term of the Hamiltonian then
yields:

ANs,m =
λsi

NsN

√√√√
(
Ns

m

)
(Ns −m)2(

Ns

m+1

) . (6.15)

For large Ns and taking into account that m = Ns

2 (1 − cos θ) (from Fig. 6.3(a)),
some algebra yields:

ANs,m =
λsi

2N
sin θ(t). (6.16)

Next we apply Fermi’s golden rule, and use the fact that the difference between
each of the spin sub-levels is γµ0H. Then the rate of change of the z-component
of the total spin moment, starting from the state ‘m’, is given by the difference in
spin-up and spin-down scattering:

Ṡz =
2π

~
N2D2

F NsA
2
Ns,m[f(−γµ0H, Te)− f(γµ0H,Te)]. (6.17)

Again the f -integrals can be performed analytically. However, since for realistic
field strengths the energy difference γµ0H is negligible with respect to kBT , we
can restrict ourselves to the lowest order (linear) in γµ0H. Some trivial algebra
then leads to

Ṡz(t)/S = πD2
F λ2

siγµ0H sin2 θ(t). (6.18)

A comparison with eq. 6.14 then yields:

α = πD2
F λ2

si. (6.19)
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We thus derived microscopically the LLG equation and an expression for α for the
case of the impurity induced spin scattering. In passing, we note that our approach
is quite similar to the spin-flip scattering treated by Kamberský [84], though does
not include ordinary scattering beween spin-dependent band levels [84–86].

6.3.4 τM vs. α

A comparison of eq. 6.9 with eq. 6.19 allows for the reformulation of τM in terms
of α we searched for:

τM = F (T/TC)
~

4kBTC

1
α
≈ ~

4kBTC

1
α

, (6.20)

where the last approximation is valid for T well enough below TC . The final re-
lation between τM and α confirms our naive conjecture at a quantum mechanical
level. Although eq. 6.20 is expected to yield only a very rough estimate of the mag-
netization dynamics, since all details of the spin-resolved electronic band structure
and spin scattering processes involved in LLG were neglected, it sets the relevant
time scale with surprising accuracy. E.g., the data of Fig. 6.1 yield α = 0.038.
Using TC = 630 K, and F (T ) ≈ 1 at room temperature, readily predicts τM = 100
fs, within a factor of two of the measured value!

The relation between τM and α is more general. As we saw in chapter 5 it also
holds for the phonon-assisted model, successfully predicting sub-ps values of τM

for realistic values of the spin-flip probability a.

6.4 Conclusion

In conclusion, we have demonstrated that two formerly unrelated fast dynamic
processes in ferromagnets can be related, independent of the details of the spin-
flip terms in the hamiltonian. Values for the demagnetization time in the sub-ps
regime are readily derived for a typical Gilbert damping of 0.005 – 0.05. Clearly, we
do not claim any quantitative predictability of the model, knowing that details of
the band structure were completely neglected [85, 86], and realizing that Gilbert
damping is often dominated by non-intrinsic effects such a nonlinear spin-wave
generation in micromagnetic structures [87], not included in our simplified model
at all. Nevertheless, we stress that for the first time the proper time scale could
be derived from quantum mechanical principles. Having established this crucial
insight, a wide range of future investigations can be envisioned. Apart from the-
oretical efforts aiming at implementing a more realistic electronic band structure
and spin excitation spectrum, it will be of importance to study experimentally
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the temperature dependence predicted by the simple model, or trying to confirm
the relation between α and τM more directly by exploiting especially engineered
samples. In the next chapter we will explore to some extent the latter possibility,
by studying demagnetization time and Gilbert damping in doped Py thin films.



Chapter 7

Laser-induced magnetization

dynamics in doped Py

A first attempt to experimentally confirm the simple inverse proportionality re-
lation between demagnetization time τM and Gilbert damping α predicted by our
microscopic model is presented. For this purpose we perform pump-probe exper-
iments on especially engineered thin films consisting of ferromagnetic permalloy,
Py, (Ni81Fe19) doped with either terbium or copper within a range of concentra-
tions. The dopants should act as impurities in the Py lattice, leading to a concen-
tration dependence of both demagnetization time and Gilbert damping. We observe
that, despite the crude approximations made in our model, the measured values of
τM and α are remarkably in agreement with the theoretical predictions. However,
although some positive correlation is found for the PyCu samples, at this stage no
perfect match between theory and experiments could be established.

7.1 Introduction

In chapters 5 and 6 we presented a microscopic model that successfully explains
sub-picosecond demagnetization after pulsed laser excitation in ferromagnetic tran-
sition metals. The model is based on a simple Hamiltonian inspired by the Elliot
and Yafet theory of spin-flip scattering by phonons or impurities [70]. Beside re-
producing the correct time scales for demagnetization and electron-phonon equi-
libration, the model also predicts, independently of the scattering mechanism, a
simple inverse proportionality relation between the demagnetization time, τM , and
the Gilbert damping parameter, α, that describes the damping of the precessional
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motion of the magnetic moment aligning to an external applied field:

τM = F (T/TC)
~

4kBTC

1
α

, (7.1)

where kB is the Boltzmann constant, TC the Curie temperature and F (T/TC) ≈ 1
in the typical experimental conditions.

As we saw in the previous chapter, this simple relation is in agreement with
the experimental data on a thin nickel film [27]. In this chapter we aim at a first
attempt to go deeper in the experimental validation of the correlation between
τM and α, by studying demagnetization and precession in especially engineered
samples. The route we follow for this experimental validation is to artificially
introduce impurities in a thin ferromagnetic film and study the demagnetization
time and the damping as a function of the impurity concentration. The matrix
element λsi in eq. 6.3 depends on the impurity concentration, thereby τM and α

are expected to scale accordingly. It is well known that the Gilbert damping can
be modified by introducing rare earths impurities in transition metals and creating
alloys such as Py1−xCux [88, 89], however the demagnetization time in this kind
of samples started to be investigated only very recently [90]. In this chapter we
provide one of the first systematic studies of laser-induced demagnetization in
Py1−xCux and Py1−xTbx thin films, as a function of Cu and Tb concentration.

We point out from the beginning that it is a very ambitious task to confirm
experimentally the predicted correlation between τM and α. The main reason for
this is that the Gilbert damping parameter is often dominated by non-intrinsic
contributions, while the model only considers the clean impurity-induced limit.
Moreover the model disregards all the band structure details of the samples.

The chapter is organized as follows: in section 2 we will give a description of the
samples and the experimental details; in section 3 we will present our experimental
results; in section 4 we will discuss these results comparing them to similar studies
from other groups; in section 5 we will discuss some conclusive remarks.

7.2 Samples and experimental details

This work has been carried out in collaboration with William Bailey and Yongfeng
Guan from Columbia University, New York (USA). The samples have been de-
posited and characterized using broad band (0-18 GHz) ferromagnetic resonance
(FMR) in New York, and then sent to Eindhoven for the all-optical measurement
of demagnetization time and Gilbert damping.

The samples under investigation are alloys of permalloy (Ni81Fe19) and either
terbium or copper. In the Py1−xTbx samples, the rare earth is added to the
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ferromagnet in low concentrations (namely x = 1% and 2%), to create heavy
impurities within the Py lattice. The Py1−xCux samples, instead, are genuine
alloys, where the concentrations of copper are x = 20% and x = 30%. Therefore
one could expect the PyTb samples to be more suitable for the study, since the
model considers impurity scattering mechanisms. However this expectation is
contradicted by the experiments, as we will show later. The thin (10 nm) films
of doped Py were deposited on Si/SiO2 substrates by magnetron sputtering at
a base pressure of 4 × 10−9 Torr, and capped with 3 nm Cu to prevent from
oxidation. The saturation magnetization of pure Py is known from the literature
[79] to be Ms = 900 kA/m. The magnetic moment is also dependent on the
impurity concentration, thereby we need a method to determine the saturation
magnetization in the doped samples; this is done by analyzing the precessional
frequency as a function of the applied magnetic field, as we will see in the next
section.

The pump-probe measurements have been performed using a Ti:Sa oscillator,
producing 70 fs laser pulses with a pump fluence of ∼1 mJ/cm2. The experiments
have been carried out in a canted geometry, by applying a magnetic field at a
(variable) angle φ with the sample plane. This way a finite z-component of the
magnetic moment could be induced, allowing for polar Kerr effect measurements,
and at the same time the in-plane component of the field (that determines the
precessional frequency) could be varied over a large range. It has been shown that
in such a canted state fs-laser heating induces not only a loss of magnetic moment,
but also perturbs the magnetic anisotropy, thereby triggering a precessional motion
of the magnetization vector [21]. Therefore, by acquiring time-resolved data on a
short (∼1 ps) and on a long (∼1 ns) timescale one can estimate τM and α directly
from the very same measurement.

7.3 Results

7.3.1 PyCu samples

The first set of samples that we investigate consists of three different alloys of
Py and Cu: (A) pure Py, (B) Py80Cu20 and (C) Py70Cu30. We start our study
by applying an external field of 120 kA/m almost perpendicular to the sample
plane (φ ∼ 0 degrees). This way we obtain the largest possible polar signal which
is suitable for an accurate measurement of the demagnetization time. We take
care that the field is not exactly perpendicular, but a small in-plane component
is still present; this is necessary in order to trigger a precession (although in this
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configuration we can not vary the in plane component of the field significantly).
The Kerr rotation as a function of pump-probe delay, ∆θ[t], is then measured
for all the samples, yielding the data plotted in Fig. 7.1(a-c). On the short time
scale (-2 to 6 ps) one can observe the typical demagnetization peak, while on the
longer time scale (100 to 1500 ps) oscillations are visible, indicating a precessional
motion of the magnetization vector. The ps part of the data can be fitted with the
function in eq. 3.1 described in chapter 3. This yields the values for τM and τE

reported in table 7.1. The demagnetization time τM decreases monotonically for
increasing Cu concentration, while the electron-phonon relaxation time is roughly
constant for all the samples.

The oscillatory part can be fitted with a damped sine function:

∆θ[t] = Ae
− t

τLLG sin(2πft + ϕ). (7.2)

where the fit parameters A, f and ϕ represent the precessional amplitude, fre-
quency and phase respectively. The parameter τLLG is related to the Gilbert
damping via the equation:

α =
2

γ0τLLG(2Hx + Ms)
, (7.3)

where the gyromagnetic ratio γ0 is determined by the Bohr magneton µB , the
Plank constant ~ and the Landé factor g via γ0 = gµBµ0

~ , and Hx = Hext cos φ is
the in-plane component of the applied field Hext. Equation 7.3 can be derived by
solving the LLG equation in the case of a thin film, for a small angle precession
around an axis almost parallel to the sample plane, as shown in Ref. [91]. Note
that this equation is useful to determine the damping parameter from the fit of the
experimental data, but does not describe the full dependency of α on the applied
field, since usually τLLG itself is field dependent (see e.g. [91]).

In order to calculate the damping parameter according to eq. 7.3 we need to
determine Hx and Ms. These are related to the precessional frequency via the
Kittel formula [79]:

f =
γ0

2π

√
Hx(Hx + Ms). (7.4)

The gyromagnetic ratio γ0 can be estimated from the literature; considering g =
2.1 for pure Py from Ref. [92], one obtains γ0 = 2.3 × 10−4 (ps kA/m)−1. To
accurately estimate Ms, we change experimental configuration: we now apply the
external field at φ ∼ 45 degrees, so that the in-plane component can be varied
from 0 to 96 kA/m, and study the evolution of the precessional frequency as a
function of the applied field, Hext. This is plotted in Fig. 7.2(a) for the three
samples. The data can be fitted with eq. 7.4 (after substituting Hx = Hext cosφ).
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Figure 7.1: Time evolution of the polar Kerr rotation as a function of pump-
probe delay for the PyCu (a-c) and the PyTb (d-f) sets of samples, showing the
demagnetization peak (-2 to 6 ps) and the precession (100 to 1500 ps). The traces
are acquired applying an external field nearly perpendicular to the sample plane.
The data are not scaled.

First we fit the data relative to sample A by fixing Ms = 900 kA/m; we obtain
φ = 53 degrees. Then we keep γ0 and φ constant and we fit the remaining two
datasets obtaining Ms = (579±16) kA/m for sample B and Ms = (482±7) kA/m
for sample C. These results are in good agreement with FMR measurements on
similar samples [89]. The assumption that γ0 does not change significantly with
Cu concentration is confirmed by the good quality of the fits.

Knowing the values of the gyromagnetic ratio and the saturation magnetization
of the three samples we can now estimate the in-plane field for the data of Fig.
7.1(a-c) and calculate the corresponding values of the Gilbert damping through
eq. 7.3. This yields the values reported in table 7.1. Therefore we see that α

increases monotonically with the Cu concentration. This systematic increase of
Gilbert damping while the demagnetization time decreases seems to support the
prediction of our microscopic model.

In order to test the validity of the impurity model in a more quantitative
way, we calculate the demagnetization time from the Gilbert damping parameter
according to eq. 7.1 and compare it to the measured values. In the calculation
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Figure 7.2: (a) Frequency vs. external field for samples A (open squares), B (open
circles) and C (open triangles); the data can be fitted with equation 7.4, with a
constant gyromagnetic ratio, yielding an estimate of the saturation magnetization.
(b) Measured values of the demagnetization time τM against the corresponding
theoretical prediction according to equation 7.1.

Summary results PyCu

τM τE Ms α

(fs) (ps) (kA/m)

Py 87± 3 1.1± 0.1 900 0.009± 0.001

Py80Cu20 83± 3 1.5± 0.1 579± 16 0.011± 0.001

Py70Cu30 66± 6 1.2± 0.1 482± 7 0.039± 0.002

Table 7.1: Demagnetization time τM , electron-phonon relaxation time τE , satu-
ration magnetization Ms and Gilbert damping parameter α for the PyCu alloys.

the Curie temperatures of samples B and C are estimated by scaling the literature
value of the Curie temperature of pure Py (973 K, from Ref. [79]) by the ratio
Ms(Py1−xCux)

Ms(Py) , i.e. we are assuming that the Ms(T ) curve scales uniformly when
the Cu concentration changes1. The function F (T/TC) is then estimated in the
framework of the Weiss model according to eq. 5.40. The comparison between the
measured values of τM and those predicted by the microscopic model is shown

1We point out that this is a just an assumption that should be compared with actual mea-

surements of the Ms vs. T cure for these particular samples.
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Summary results PyTb

τM τE Ms α

(fs) (ps) (kA/m)

Py 90± 1 1.00± 0.02 900 0.008± 0.001

Py99.5Tb0.5 89± 2 0.91± 0.02 900 0.010± 0.001

Py99.0Tb1.0 91± 2 0.93± 0.03 900 0.014± 0.001

Table 7.2: Demagnetization time τM , electron-phonon relaxation time τE , satu-
ration magnetization Ms and Gilbert damping parameter α for the PyTb alloys.

in Fig. 7.2(b). Ideally the data points should lie on the solid line (y = x); given
that there are no adjustable parameters in the calculation, the agreement can
be considered quite good. However we stress that the trend predicted by the
microscopic model is only weakly reproduced by the measurements.

7.3.2 PyTb samples

The second set of samples consists of Py thin films doped with low concentrations
of Tb: pure Py (sample D), Py99.5Tb0.5 (E) and Py99.0Tb1.0 (F). Similarly to
what has been done for the first set of samples, we measure time resolved traces
with an almost perpendicular field and extract τM and τE , and we estimate the
saturation magnetization values by studying the field dependence of the preces-
sional frequency when the field is applied at ∼ 45 degrees. The measurements at
almost perpendicular field yield the data plotted in Fig. 7.1(d-f), and from a fit of
the demagnetization peak according to eq. 3.1 the values of demagnetization time
and e-p relaxation time reported in table 7.2 can be extracted. In this case the
demagnetization time does not significantly change with Tb concentration.

Fitting the precessional transients obtained with the field at ∼ 45 degrees with
eq. 7.2, and plotting the frequency against the applied field yields the graph in Fig.
7.3(a). In this case there are no major differences in the values of the saturation
magnetization, and the data can be fitted with a constant Ms corresponding to
the saturation magnetization of pure Py, 900 kA/m (and again γ0 = 2.3 × 10−4

(ps kA/m)−1).

As in the previous subsection, knowing the values of the gyromagnetic ratio
and the saturation magnetization of the three samples we can now estimate the
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Figure 7.3: (a) Frequency vs. external field for samples D (open squares), E
(open circles) and F (open triangles); the data can be fitted with equation 7.4,
with a constant gyromagnetic ratio, and a constant saturation magnetization.
(b) Measured values of the demagnetization time τM against the corresponding
theoretical prediction according to equation 7.1.

in-plane field2 for the data of Fig. 7.1(d-f) and calculate the corresponding values
of the Gilbert damping through eq. 7.3. This yields the values reported in table
7.2. In this case the Gilbert damping increases by almost a factor of two (as
expected from the literature [88]), but no systematic change is observed in the
demagnetization time, which remains constant as the Tb concentration increases.
Again we compare the measured values of τM with the corresponding theoretical
estimates according to eq. 7.1 in Fig. 7.3(b); in this case no trend is observed.

As a final remark, in Fig. 7.1 we can see that, different from the PyCu sam-
ples, the precessional frequency of the PyTb samples decreases significantly with
increasing Tb concentration. This is observed only for an almost perpendicular
applied field. More investigations are needed to understand the origin of this
decrease; in particular, by measuring static MOKE hysteresis loops in the polar
geometry it would be possible to determine whether the effect is due to a Tb
concentration dependent out of plane anisotropy contribution.

2We repeated the same analysis also taking into account in the Kittel equation a Tb

concentration-dependent contribution coming from the magneto-crystalline anisotropy. This im-

proves the fits in Fig. 7.3(a), and confirms that the magnetization does not change with Tb

concentration.
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7.4 Discussion

As we saw in the previous section, the simple relation between demagnetization
time and Gilbert damping predicted by our microscopic model based on electron-
impurity scattering (7.1) is not directly confirmed by experiments on doped Py
thin films. Overall the measured values of τM for both PyCu and PyTb alloys
show on average a quantitative agreement with the theoretical prediction, but a
clear inverse proportionality between τM and α is not observed. Only a weak
positive trend is observed for the PyCu samples, while the PyTb samples yield
no systematicity at all. This observation contradicts our naive conjecture that
doping the Py thin films with weak concentrations of a rare earth such as Tb
would create a suitable system to validate the impurity model. On the contrary,
the PyCu samples, where the Cu was added in large concentrations, unexpectedly
revealed to be more promising for our purpose.

This puzzling result seems to be confirmed by a recent similar study [90].
Walowski and coworkers measured demagnetization time and Gilbert damping for
Py thin films doped with low concentrations of Dy (rare earth) and Pd (metal).
They observed a weak correlation for Pd doping, and no trend for Dy doping. For
comparison we plot our data and their data in the same graph3 in Fig. 7.4. While
the impurity model predicts a significant variation of τM , the measured values are
roughly constant, and only the data points relative to metal (Cu or Pd) doping
show a weak trend to follow the x = y line. In Ref. [90] the authors interpret
their result in terms of differences in the band structures of the materials involved.
In particular they point out that equation 7.1 is derived assuming dissipation
mechanisms that are valid both in the short (ps) as well as in the long (ns) time
scale. According to Walowski and coworkers, this condition might not be fulfilled
for rare earth doping, since the rare earth 4f bands are typically very narrow in
energy, and thus will not contribute as an efficient relaxation channel in the ps-
regime. In contrast, Pd and Cu are characterized by 4d and 5s, and 3d and 4s
bands, respectively, at the Fermi level, and thus a hybridization with the electrons
excited in the Py would be more likely, making the dissipation channel relevant at
all time scales. Beside this interesting conjecture, another possible interpretation
could be that, because of differences in their band structure, rare earths might
have additional dissipation channels that only contribute to the Gilbert damping

3The authors observe in their experiments demagnetization times that are typically a factor

of two higher than ours, despite the fact that the fits are obtained with the very same function.

This unexpected difference might be due to the fact that their samples are (almost) single crys-

tals grown with molecular beam epitaxy, while ours are sputtered and thereby polycrystalline.

However more investigations are needed to confirm this conjecture.
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Figure 7.4: Measured values of the demagnetization time τM against the corre-
sponding theoretical prediction according to equation 7.1 for Cu doping (squares),
Tb doping (circles), and Dy and Pd doping (triangles) after [90].

and are not taken into account of in our model. Such an interpretation would be
in line with the empirical observation that the Gilbert damping is a very subtle
parameter that is dependent on several microscopic as well as macroscopic details.

For another interesting comparison, we plot in Fig. 7.5 the Gilbert damping
parameter as measured by TRMOKE and FMR against Cu and Tb concentration.
While the two techniques yield approximately the same value for pure Py, there
are obvious differences for the doped samples. This confirms once again that the
the Gilbert damping is a subtle parameter, determined by many different contribu-
tions. Interestingly the measurement of α with FMR and TRMOKE yield different
results only for the doped samples. We speculate that this might indicate that the
two techniques are differently sensitive to the contribution to α coming from the
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Figure 7.5: Comparison of Gilbert damping parameter as measured by TRMOKE
(full squares) and FMR (open circles); the two measurement techniques yield a
different result only for the doped samples.

doping. This effect seems to be more relevant for PyTb, and changes sign when
going to Cu doping. For completeness we mention that such technique-dependent
differences might also be due to oxidation of the samples (since the TRMOKE mea-
surements have been carried out several weeks after the FMR characterization).
In order to rule out this possibility, the samples have been sent back to Columbia
University for another FRM characterization after the TRMKOE experiments.
The values of the Gilbert damping had slightly changed, but the differences with
the TRMOKE measurements were still present.

7.5 Conclusions

In this chapter we presented a preliminary study aimed at validating experimen-
tally the simple inverse proportionality relation between demagnetization time τM

and Gilbert damping α, predicted by our microscopic model. For this purpose we
measured these two parameters in Py thin films doped with low concentrations of
Tb and high concentrations of Cu. The doping highly affects the damping param-
eter while the demagnetization time remains approximately constant, although
a weak correlation was observed for the PyCu alloy. These observations are in
line with recent results on Pd- and Dy- doped Py thin films [90]. The general
conclusion is that transition metal doping seems to be more suited to study the
correlation between α and τM . However more investigations are needed in order to
confirm these preliminary results, and future experiments in especially engineered
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samples might be able to highlight how the band structure of the samples affect
the two parameters.

By comparing FMR and TRMOKE measurements, we observed a measure-
ment technique dependence of the damping parameter. This dependence is more
pronounced for Tb doping and vanishes completely for pure Py. We speculate that
the differences might be due to the two techniques being differently sensitive to
the contribution to α induced by the dopant. Also here we anticipate that fur-
ther studies in this direction might help to shed some light on how to distinguish
different contributions to the Gilbert damping parameter.



Chapter 8

Laser-induced magnetization

dynamics in Co/IrMn

bilayers

The response of a ferromagnet/antiferromagnet exchange coupled bilayer to fem-
tosecond laser heating is studied by means of pump-probe time-resolved magneto-
optical Kerr effect (TRMOKE) in the polar geometry, on a Co (10 nm) / IrMn
(0-15 nm wedge) sample. When an external field is applied in the film plane,
perpendicular to the exchange bias direction, a damped precessional motion of the
ferromagnetic spins can be triggered by laser excitation. We observe that the ex-
change bias field HEB,dyn, extracted from the TR data, systematically differs from
the value HEB,st, obtained by static MOKE loops measurements, for thin (< 7 nm)
IrMn. The results reported in this chapter have been published in Ref. [93].

8.1 Introduction

In this chapter we begin our exploration of how fs laser heating can be used to in-
duce ultrafast changes in the exchange interaction between a ferromagnetic (FM)
thin film and an antiferromagnetic (AFM) thin film in exchange bias (EB) sys-
tems. As a consequence of the unidirectional anisotropy induced by this exchange
interaction, the hysteresis loop of such FM/AFM bilayers is shifted along the field
axis by a quantity HEB, the exchange bias field [94]. The phenomenon received a
renewed attention in the past decade due to its importance in the development of
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devices based on magneto-resistive elements. Despite the remarkable amount of
studies devoted to the subject, a unified microscopic picture of the effect has not
emerged yet [95].

In order to shed new light on the subject it is important to develop innovative
tools of investigation. One of the most outstanding approaches that have been
proposed is to bring the coupled bilayer out of equilibrium and study its relaxation.
Towards this direction, in this chapter we study the non-equilibrium dynamics of
exchange interaction in a FM/AFM Co (10 nm) / IrMn (0-15 nm wedge) exchange
coupled bilayer by means of pump-probe time resolved magneto-optical Kerr effect
(TRMOKE).

In recent years, similar studies have been performed on different materials [29–
33, 96]. In their pioneering experiments Ju et al. [29–31] have shown that laser
excitation can induce sub-picosecond changes in the hysteresis loop of a NiFe/NiO
bilayer, and in some cases, depending on the exact geometry of the experiment,
trigger a precession of the FM spins. The authors suggested that laser heating
induces an instantaneous decrease of the exchange interaction, followed by an
exponential recovery. Simulations based on the Landau-Lifshitz-Gilbert (LLG)
equation assuming such a temporal profile, showed a qualitative agreement with
the experimental precessional transients, indicating that the recovery takes place
on the time scale of ∼ 100 ps. Similar results were reported later on by Weber
et al. [32, 33] on NiFe/FeMn bilayers. The authors studied the quenching and
recovering of exchange interaction by measuring the evolution of HEB, the shift
of the hysteresis loop, as a function of time after laser excitation. Although their
results seem to confirm the temporal profile proposed by Ju et al., doubts have
been risen whether extracting the dynamics from the loop shift is a valid approach
when the bilayer is brought out of equilibrium, as will be explained in the next
chapter.

In the following we aim at gaining new insight in the out of equilibrium dy-
namics of exchange interaction by analyzing the frequency and amplitude of the
precessional transients as a function of applied field and AFM thickness dAFM.

8.2 Samples and experimental details

The pump-probe TR experiments are carried out using∼ 100 fs pulses from a Ti:Sa
oscillator, with a pump fluence of ∼ 2 mJ/cm2 and a pump-probe power ratio of
20:1. The pulses hit the sample at perpendicular incidence and the purely polar
MOKE signal is detected. The sample under investigation is a (polycrystalline)
bilayer of ferromagnetic Co (10 nm) and antiferromagnetic IrMn (0-15 nm wedge),
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Figure 8.1: (a) Hysteresis easy axis (Mx, open squares) and hard axis (My, full
circles) loops measured by static MOKE, and calculation of HEB,st and HC . (b)
Oscillations of the polar TRMOKE signal, for dAFM = 15 nm and Hext ∼ 30
kA/m, indicating a magnetization precession; the data (open circles) can be fitted
with a damped sine (solid line). Inset: Sketch of the Co layer sputtered on top of
the IrMn wedge

sputtered on top of Cu (10 nm) and capped with Ta (3 nm) to prevent oxidation;
a Ta (5 nm) buffer layer optimizes the growth of the stack on the silicon substrate.
A schematic representation of the wedge is shown in Fig. 8.1(inset).

The geometry of the TR experiments is depicted in Fig. 8.2(inset). The sam-
ple lies in the x − y plane, the EB field acts along the positive x direction and
the external field Hext is applied along the y axis. The equilibrium direction for
the FM magnetization (indicated by point 1 in the figure) is determined by the
vectorial sum of HEB and Hext. When HEB is partially quenched by laser heating
(block arrow along the negative x direction) the equilibrium position moves to
point 2, forming an angle φ with the original equilibrium, a torque acts on the
magnetization and the precession is triggered. Notice that, since the initial dis-
placement of Heff is always in the x− y plane, the initial torque always pulls the
magnetization along the z direction (vertical block arrow), thereby a purely polar
signal is expected at the beginning of the precession.

The static magnetic properties of the sample are derived by measuring hys-
teresis MOKE loops throughout the wedge. In Fig. 8.1(a) a typical loop measured
at dAFM = 15 nm is shown: the loop is shifted along the field axis by a quantity
HEB,st = 5.6 kA/m, revealing the presence of exchange bias.

By performing TR measurements throughout the wedge for different applied
fields, the dynamic properties of the samples are derived. In Fig. 8.1(b) a typical
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precessional transient is shown, for dAFM = 15 nm and Hext ∼ 30 kA/m. The
data can be fitted with a damped sine function, such as eq. 7.2; the precessional
amplitude, frequency and damping can be extracted from the fit.

8.3 Results

8.3.1 Field dependence

In Fig. 8.2(a) the precessional frequency is plotted as a function of the applied
field for dAFM = 15 nm. The data can be fitted with the Kittel equation [79]:
2πf = γµ0

√
Heff(Heff + MS), where γ is the gyromagnetic ratio, µ0 the Bohr

magneton (γµ0 = 0.23 GHz(kA/m)−1), and the effective field Heff is given by the
vectorial sum of the exchange bias field and the applied field. From the fit, the
value of the exchange bias field, HEB,dyn, can be extracted.

The precessional amplitude displays an interesting behavior as a function of the
applied field: it grows monotonically from zero reaching a maximum for Hext &
HEB,st and then it decays, as shown in Fig. 8.2(b) for dAFM = 15 nm. It is easy to
qualitatively understand this behavior: For Hext = 0, Heff = HEB,st and thereby
a quenching of the exchange bias only affects the magnitude of the effective field
leaving its direction unchanged; therefore no torque acts on the magnetization
vector and no precession is expected. For Hext = ∞ the magnetization is fully
aligned with the external field and, again, quenching of EB will not give rise
to any precession. In between, a precession is always observed and thereby the
amplitude must go through a maximum. As sketched in Fig. 8.3, a simple model
can be developed to get a deeper understanding of these data. Approximating the
temporal profile of EB quenching with a step function (i.e. instantaneous decrease
and infinitely long recovery), the precessional amplitude normalized by the length
of the magnetization vector is given by the sine of the initial displacement angle,
φ, multiplied by the ellipticity of the precession, ε:

A = εMS sin(φ) ≈ mMSHextHEB

(H2
ext + H2

EB)
√

1 + MS√
H2

ext+H2
EB

, (8.1)

where ε =
(√

1 + Ms
Heff

)−1

is found by solving the LLG equation in the case of
small oscillations, and we introduced the parameter m to quantify the initial EB
quenching: HEB[t = 0] = (1 − m)HEB[t < 0]. The last part of eq. 8.1 is a
linearization in the case m ¿ 1, which is expected to hold for the fluence used in
our experiments. Despite the crude approximations, eq. 8.1 can fit the amplitude
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Figure 8.2: Precessional frequency (a) and amplitude (b) vs. applied field Hext,
for dAFM = 15 nm. The open triangles are the experimental data obtained by
fitting the precessional transients (such as the one in Fig. 8.1(b)) for different
applied fields; the solid lines are fits according to the Kittel equation (a) and eq.
8.1. Inset: sketch of the experiment geometry, as described in the text.

vs. field data quite well. The fit yields a third estimate of the exchange bias field,
HEB,A. We remark that the fact that the oversimplified model of eq. 8.1 can fit
the amplitude vs. field data is an indication that the approximations used are
not too far from reality. Therefore our results are compatible with the temporal
profile HEB[t] originally proposed by Ju [29–31]: (almost) instantaneous decrease
and slower recovery.
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Figure 8.3: Derivation of eq. 8.1. The equilibrium angle θeq is determined by
the values of the exchange bias field and the external field. After laser excitation
the equilibrium angle increases to θ0, forming an angle Φ with the magnetization
vector.

8.3.2 AFM-thickness dependence

Let us now discuss how the static and dynamic properties vary as a function of
the AFM thickness. As shown in Fig. 8.4, HEB,st starts to deviate from zero at
dAFM ∼ 2 nm, after a small negative dip it rapidly grows reaching a maximum at
dAFM ∼ 5.5 nm, and then it slowly decreases as the AFM becomes thicker. The
appearance of a loop shift is accompanied by an increase of the coercivity HC ; the
latter reaches its maximum at dAFM ∼ 3 nm and then monotonically decreases.
While a thorough discussion of the details of the dAFM dependence of HEB,st is
beyond the scope of the present study, it is worthwhile to notice that similar results
for polycrystalline layers have been reported in the past (se, e.g. Refs. [95, 97, 98]
and references therein).

By measuring the precessional frequency as a function of applied field through-
out the AFM wedge, the AFM thickness dependence of HEB,dyn can be traced.
While the values of HEB,dyn are in good agreement with the corresponding values
HEB,st for dAFM > 7 nm, a strong deviation is observed as the AFM gets thinner,
as shown in Fig. 8.4. The difference can be explained as follows: The (small angle)
precessional frequency, and thereby the fitting parameter HEB,dyn, is determined
solely by the local value of the FM/AFM exchange coupling JE . The hysteresis
loop shift HEB,st is determined by the energy barrier that one needs to overcome
in order to reverse the FM spins; the latter depends not only on the interfacial
exchange coupling, but also on the effective AFM anisotropy KAFMdAFM, which
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Figure 8.4: IrMn thickness dependence of the coercivity HC and the various
estimates of HEB described in the text.

diminishes with decreasing thickness (notice that KAFM itself is thickness depen-
dent). For “thin” AFM, JE > KAFMdAFM and thus the interfacial AFM spins will
reverse with the FM spins, resulting in a smaller HEB,st. This result shows that
in a fast dynamic experiment the (equilibrium) relation between the shift of the
hysteresis loop and the exchange interaction might fail. It is interesting to notice
that similar differences between static and dynamic measurements of HEB were re-
ported recently [97, 99–106]; while in those works mainly ferromagnetic resonance
and Brillouin light scattering measurements are compared with static results, the
present study extends the comparison to all-optical (out of equilibrium) dynamic
measurements as well.

As it can be seen in Fig. 8.4, we observe a decrease of HEB,dyn as a function of
dAFM. Although we do not have a direct proof, we conjecture that this feature is
related to the changing grain size of the polycrystalline IrMn. In the framework
of the random field model [107, 108], the increase in grain size with dAFM would
cause a decrease in the number of uncompensated interface spins and thereby a
lower exchange coupling.

By measuring the precessional amplitude as a function of applied field through-
out the wedge, the AFM-thickness dependence of HEB,A can be traced. From eq.
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8.1 and the simple arguments reported above one can expect that, for a fixed
value of m, the precessional amplitude is determined by the initial ratio between
Hext and HEB. Since the initial value of HEB is determined by the shift of the
hysteresis loop, the fit is expected to yield values HEB,A close to HEB,st. As it can
be seen in Fig. 8.4, these values are indeed qualitatively in agreement with the
HEB,st measurements. We further observe that the amplitude of the precessional
transients decreases as the AFM gets thinner, finally becoming of the order of
the measurement noise. This is in agreement with eq. 8.1, which predicts zero
amplitude for HEB,st = 0. Interestingly, the minimum AFM thickness where a
precession could be induced coincided with the point where HC and HEB,st cross
each other in Fig. 8.4.

8.4 Conclusions

In conclusion we studied the frequency and amplitude of the FM magnetization
precession that can be induced by fs laser excitation in exchange coupled Co/IrMn
FM/AFM bilayers, as a function of the applied field and the AFM thickness.
Differences in the values of the exchange bias field HEB,dyn, extracted from the
TR data, and the values HEB,st, obtained by static MOKE loops measurements,
are observed for thin (< 7 nm) IrMn. These are explained by the effect of the
(thickness dependent) effective AFM anisotropy which alters HEB,st, while leaving
HEB,dyn unaffected. Our analysis of the precessional amplitude suggests, for the
temporal profile of the exchange interaction after laser excitation, an (almost)
instantaneous decrease and slower recovery, in agreement with previous works [29–
33].

At this point the reader might wonder whether it is at all possible to fully
resolve the details of HEB[t] on a sub-ps timescale by analyzing the precession of
FM spins. This challenging question will find an answer in the next chapter.



Chapter 9

Resolving the genuine

ultrafast dynamics of

exchange interaction

A novel method is exploited to investigate the response of exchange-coupled fer-
romagnet/antiferromagnet bilayers to laser excitation down to the femtosecond
timescale. Differently from previous similar studies, the ultrafast dynamics of ex-
change interaction is deduced by carefully analyzing precessional transients of the
ferromagnetic magnetization, measured by means of time-resolved magneto-optical
Kerr effect, rather than by measuring the shift of the hysteresis loop as a function
of pump-probe delay. Thereby we are able to estimate the characteristic time scale
of laser-induced exchange bias quenching in a polycrystalline Co/IrMn bilayer,
τEB,0 = (0.7 ± 0.5) ps. The fast decrease of exchange coupling is attributed to a
spin disorder at the interface created by laser heating.

9.1 Introduction

The challenge of manipulating the magnetic properties of metallic thin films and
multilayers on the sub-picosecond time scale by means of femtosecond laser pulses
has attracted much attention in the past decade [8, 14, 16, 18, 20, 21, 24, 25, 34–36].
This interest burst after the discovery, in 1996, that irradiation by a short laser
pulse can partially quench the magnetization of a nickel thin film within a few
hundred femtoseconds [8]. This observation and its confirmation [8, 14, 16, 18, 20,
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Figure 9.1: (a) A rigid shift of the hysteresis loop would cause the magnetization
to instantaneously switch from position 1 to position 2: this situation is physically
not very likely; (b) Sketch of the experimental configuration, as described in the
text

27] led to the discovery of a number of exciting new physical phenomena, such as
laser-induced launching of magnetization precession and spin waves [21], ultrafast
build-up of magnetic moment in FeRh [24, 25], and all-optical switching in GdFeCo
by circularly polarized light [34–36].

A particularly exciting new challenge in the field is to control the spin dynamics
by modifying the exchange interaction between coupled (ferro)magnetic entities,
rather than the magnetic state of a single element itself. Pioneering work towards
this direction was performed by Ju et al. in the late nineties: the authors aimed
at manipulating the magnetization of a ferromagnet (FM) exchange coupled to
an antiferromagnet (AFM) by optically modifying the interlayer interaction, also
known as exchange bias (EB) [29–31]. Exchange bias arises when a ferromagnetic
thin film is deposited on top of an antiferromagnetic one, and leads to a unidirec-
tional anisotropy that pins the ferromagnetic spins in a certain direction [94, 95].
As a consequence the hysteresis loop of such bilayers is shifted along the field axis
by a quantity HEB,st called exchange bias field. Ju’s experiments showed that the
exchange interaction JEB can be perturbed by fs laser heating, leading to changes
in the hysteresis loop of NiFe/NiO bilayers within a ps and, in some cases, to
a precession of the FM spins. Successive studies, based on monitoring the time
evolution of hysteresis loops after laser excitation, confirmed this result but never
overcame the difficulty of assigning a precise time scale to the ultrafast dynamics
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of EB [32, 33], leaving important unanswered questions. The intrinsic limitation in
this approach is the fact that after laser excitation the direct equilibrium relation
between the magnetization and the exchange bias field is lost. Rather, the magneti-
zation M [t] will react to a time dependent exchange bias field HEB[t] in a delayed
fashion, as described by the Landau-Lfishitz-Gilbert (LLG) equation. Therefore, it
is not at all trivial to get time-resolved information about the interlayer coupling
since only M [t], and not HEB[t], can be measured optically. More specifically,
time-resolved measurements of hysteresis loops can lead to results which are in-
conclusive and difficult to interpret. For example let us consider the hypothetical
experiment depicted in Fig. 9.1(a): after laser excitation, the hysteresis loop of
an exchange coupled bilayer shifts within a ps along the field axis, corresponding
to a quenching of the exchange bias field from HEB,0 to HEB,1, as indicated by
the horizontal arrow. If we now consider point 1 and 2 in the figure we see that
the magnetization should have switched its orientation. However, such a fast sub-
ps complete switching has never been observed in time domain studies, and it is
physically very unlikely since the magnetization reacts to changes in the effective
field by precessing around the new equilibrium position with a frequency of the
order of a few GHz.

In this chapter we show that it is possible to get around the intrinsic limitation
described above, and we resolve for the first time the genuine sub-ps dynamics of
exchange interaction after laser heating. The key element in our approach is to
deduce the EB dynamics quantitatively from the magnetization precession, rather
than by studying the temporal evolution of the hysteresis loops, like it was done
in the past. This way we are able to address a number of outstanding issues:
what is the time scale at which JEB is perturbed?; does the quenching of the
exchange interaction lead to a quenching of the exchange bias field (scenario I), or
to its realignment towards the direction of the FM magnetization (scenario II)?;
are we observing the effect of a uniform lattice heating or does the presence of
non-equilibrium (hot) electrons in the first ps play a role?

9.2 Samples and experimental details

We chose for our study polycrystalline bilayers consisting of ferromagnetic Co
and antiferromagnetic IrMn. The relative thickness of the layers was varied by
growing wedges, such as those described in the previous chapter. While here we
mainly report on one particular bilayer consisting of Co (10 nm) and IrMn (15
nm), the results are generally valid for a whole thicknesses range. The bilayers are
sputtered on top of Cu (10 nm) and capped with Ta (3 nm) to prevent oxidation.
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The whole stack is deposited on a silicon substrate with a Ta (5 nm) buffer layer.
The experiments are carried out using ∼100 fs pulses from a Ti:Sa oscillator, with
a pump fluence of ∼2 mJ/cm2 and a pump-probe power ratio of 20:1. The probe
pulses impinge on the sample at almost perpendicular incidence, giving rise to
a polar Kerr signal with a small longitudinal component along the y-direction
(see Fig. 9.1(b)). Static measurements reveal that the measured Kerr rotation
is θ ∝ Mz [t]

M0
y

+ Cy
My[t]
M0

y
, where M0

y is the equilibrium value of My; Cy is due to
the small longitudinal component and it is typically 0.06 for the data presented
here. The experimental geometry is sketched in Fig. 9.1(b): the sample lies in
the x − y plane, the exchange bias field HEB acts along the negative x direction,
and an external field Hext is applied in the sample plane along the y axis. The
effective field Heff acting on the FM magnetization is given by the vectorial sum
of HEB and Hext. When the laser hits the sample the exchange interaction is
perturbed, leading to a change in the orientation and magnitude of the effective
field (from point A to point B in the figure) and therefore a torque acts on the
magnetization and a precession is triggered. Since the the initial displacement of
Heff is, independently of scenario I or II, in the x − y plane, the initial torque
tends to pull the magnetization out of the plane, along the z axis. The subsequent
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Figure 9.2: Precessional transient obtained at Hext = 16 kA/m, the changing
slope during the first 5 ps is highlighted by the dashed line, the solid line is a fit
according to eq. 9.1
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precession is determined at each time by the value and orientation of the effective
field acting on the magnetization at that particular time, and, in turn, these
depend on the value of the exchange bias field. The idea is to retrieve the field
pulse ∆HEB[t] by carefully analyzing the precessional transients; this way we can
resolve the dynamics of the exchange interaction without having to go through a
measurement of hysteresis loops (and thus avoiding any interpretation problem).

9.3 Results

9.3.1 Analysis of the precessional transients

In our analysis we will first focus on the field dependence of the precessional phase
and amplitude, and then on retrieving the exact shape of the field pulse. We start
by considering a precessional transient obtained for Hext = 16 kA/m, presented in
Fig. 9.2. On the long time scale (t > 40 ps), the data can be fitted by the function:

∆θ = A0 + A1e
−t/τLLG sin(2πft + Φ). (9.1)

The fit yields the values of the precessional frequency f , amplitude A1 and phase Φ;
from the time constant τLLG the Gilbert damping parameter α can be calculated.

Beside the familiar damped oscillations, the data contain some peculiar features
on the short time scale (t < 40 ps) that provide a first qualitative glimpse on the
temporal profile of the HEB[t]. In particular the measurement shows a higher
derivative during the first few ps; this indicates that there is a fast build-up of
torque during the first picoseconds after laser excitation, that quickly relaxes to a
smaller torque. This could suggest that the exchange bias field is rapidly quenched
to a minimum and then relaxes to an intermediate value within a few picoseconds
before finally decaying to its original value as excess heat is dissipated. Similar
precessional transients have been measured for different values of the applied field,
ranging from 4 to 80 kA/m (corresponding to starting with Heff almost aligned
with HEB and Hext respectively); these are shown in Fig. 9.3, interpolated by
simulated transients according to the LLG equation. All the measured data show
similar anomalies at short time delays (not shown), while the oscillatory part can
be fitted with equation 9.1, with proper scaling of the parameters.

In Fig. 9.4 the precessional amplitude A1 (a) and phase Φ (b) are plotted
against the external field. The amplitude starts from zero, goes through a maxi-
mum at Hext ∼ HEB and then slowly decays. The trend can be fitted with a simple
model based on scenario I (dashed line in Fig. 9.4(a)), described in the previous
chapter (see eq. 8.1). The model is based on the observation that in the case of
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Figure 9.3: Precessional transients measured for different applied fields (dots)
interpolated by simulated transients according to the LLG equation (surface). In
the simulations the experimental geometry is taken into account, and a field pulse
according to eq. 9.3 is given as an input to trigger the oscillations. The value
of the damping parameter is taken from the experimental transients. The arrow
highlights the dataset plotted in Fig. 9.2

a laser-induced quenching of HEB one would indeed expect that for Hext = 0 and
Hext = ∞ only the magnitude of the effective field is altered, but not its direction,
and thereby no precession is triggered; in between, a precession is always observed
and hence the amplitude must go through a maximum. The agreement of the data
with this simple model suggest that the exchange bias field is actually quenched
by laser heating.

As it can be seen in Fig. 9.4(b), the precessional phase decreases with increasing
applied field. In order to understand this trend, let us consider the cartoons in Fig.
9.4 (c and d) where we sketched the response of the bilayer to a rectangle function-
(c) and a Heaviside function-like (d) field pulse, corresponding to a recovery time
of the field pulse τp → 0 and τp → ∞ respectively. In the drawings we see a
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Figure 9.4: (a) Precessional amplitude vs. external field; the dashed line is a fit
according to the model described in chapter 8 (equation 8.1). (b) Precessional
phase as a function of the external applied field; the dashed line is a guide to
the eye. (c) Sketch of the response of the bilayer to a Dirac delta and (d) a step
function-like field pulse, as described in the text.

cross-section of the sample, points A and B represent the tip of the effective field
vector (and correspond to the directions A and B of Fig. 9.1(b) respectively), and
the spiral follows the trajectory of the tip of the magnetization vector. In the case
of a rectangle function-like pulse, the tip of the effective field instantaneously goes
from A to B and the magnetization feels a sudden torque that will pull it out of
the sample plane along the dashed arrow. After a short time τp, as the field pulse
goes back to zero, the magnetization will start to precess around A. Therefore the
phase of the precession will be ∼ π/2. In the case of a Heaviside function-like
pulse the effective field will rotate from A to B and the magnetization will precess
around B with phase 0. The real field pulse will have finite decay and recovery
times, and thereby we can expect a phase up to 90 degrees1. More interestingly,
we can expect the phase to vary with the external applied field. As it can be

1Simulations showed that for long enough decay times the phase can be negative.
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seen in Fig. 9.3(d), the period of the precession τH decreases with the external
field. For high fields, such that τH ¿ τp, the field pulse approximates a step
function (τp = ∞) during the first oscillations; lowering the field so that τH À τp,
a response corresponding to a field pulse close to a rectangle function with τp ≈ 0
can be expected; therefore a decrease of the phase with increasing applied field
should be observed, as indeed confirmed in Fig. 9.4(b). We thus see that by
simply analyzing the phase of the precession as a function of the applied field we
can already deduce the qualitative profile of HEB[t]: a fast decay and a slower
recovery. As to the latter, the observation that the phase does not exceed 0.35
radians even for the lowest field (for which τH ∼ 300 ps) indicates that the recovery
of the EB field pulse is not completed within the first hundred(s) of picoseconds.

9.3.2 Field pulse reconstruction

After having shown how the features of the magnetization precession can provide
important qualitative information on the temporal evolution of the exchange bias
field after laser excitation, we can now proceed with a quantitative analysis, back-
calculating the field pulse ∆HEB[t] from the precessional transients. Following the
procedure described in Ref. [91], we write the LLG equation in the approximation
of a small perturbation and invert it, expressing ∆HEB[t] as a function of Mz[t],
its derivative M ′

z[t] and its integral
∫ t

−∞Mz[x]dx:

∆HEB[t] =
Heff

MsHext

(
− α(Ms + 2Heff)Mz[t]−

− α2 + 1
γ

M ′
z[t]−

− γHeff(Ms + Heff)
∫ t

−∞
Mz[t]

)
, (9.2)

where Ms is the saturation magnetization of Co and γ is the gyromagnetic ratio.
A complication arises from the fact that the measured data contain a small lon-
gitudinal component, while a purely polar input is needed in equation 9.2 . We
overcome this difficulty in two steps: first we directly use the equation to retrieve
the field pulse for the first 25 picoseconds after laser excitation where the longitu-
dinal component is negligible for all our datasets, then we make use of an iterative
procedure to retrieve the pulse on the longer time scale.

In Fig. 9.5(a) the retrieved pulses are plotted (symbols), after smoothing by
adjacent averaging over 7 ps; the thick solid line in the graph is their average. Ad-
jacent averaging is just a mathematical procedure, and does not have any physical
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Figure 9.5: (a) Temporal profiles reconstructed using eq. 9.2 for different applied
fields (different symbols), and their average (solid line). (b) Average of the recon-
structed pulses on the short and long time scales (symbols); the dashed lines are
fits according to eq. 9.3 and the solid line is the final field pulse after deconvolution
as described in the text.

meaning2. This procedure is useful to visualize the trend of the data that would,

2In particular, the interval of 7 ps has been chosen completely arbitrarily, and it can be shown

that the final result is independent of this choice. However, choosing too short an interval would

result in loosing the benefits of the procedure, while too large an interval would lead to smoothing

out all the interesting features of the reconstructed field pulse.
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otherwise, be hidden by the large white noise introduced by the derivative of the
signal, M ′

z[t]. For example, a field pulse corresponding to instantaneous quenching
at t = 0 and infinitely long recovery of EB, would result, after adjacent averaging
over 7 ps, in a pulse that starts deviating from zero at -3.5 ps, decreases linearly
until 3.5 ps and then stabilizes to its final value. In the case of Fig. 9.5(a), all the
pulses corresponding to different external field values display the same qualitative
shape: they start to deviate from zero at t ∼ −4 ps, reach a minimum at t ∼ 4
ps and then grow back stabilizing on an intermediate value at about 13 ps. This
observation leads to the important conclusion that laser heating induces a quench-
ing of the exchange bias (scenario I), and does not alter its direction, since in the
latter case the retrieved pulse would vary with the applied field.

On the longer time scale the polar and the longitudinal components are sep-
arated by applying the iterative scheme. First the derivative and integral of the
original precessional transient are calculated and used in equation 9.2 to back-
trace a field pulse ∆H1

EB[t]. The retrieved pulse is then used to generate, through
the LLG equation, a set of My[t] data, which are subtracted from the original
dataset. The procedure is then iterated, finally yielding a self consistent solution.
The iterative scheme has been applied to all the measured datasets and the pulses
retrieved for different external fields present the same decay towards zero.

After combining the pulses retrieved for t < 25 ps and t > 25 ps and averaging
over all the external fields values, we obtain the temporal profile ∆HEB[t]/HEB,st

of Fig. 9.5(b) (symbols). In order to estimate the time scales of EB dynamics, we
introduce the (phenomenological) function:

∆HEB[t] = Θ[t]a0(1− e
− t

τEB,0 )(b0 + b1e
− t

τEB,1 + b2e
− t

τEB,2 ), (9.3)

where Θ[t] is the Heaviside function. This function can not be readily used to fit
the data in Fig. 9.5(b): first it is necessary to apply also here the procedure of 7 ps
adjacent averaging. This can be done analytically by convoluting eq. 9.3 with a 7 ps
wide rectangle function. The calculation is straight forward and leads to a lengthy
expression that we do not report explicitly here. By fixing the parameters τEB,1−2

and b0−2, we use this expression to fit the data up to 5 ps (dashed line before 5 ps),
obtaining the characteristic decay time of exchange interaction τEB,0 = (0.7± 0.5)
ps. Similarly, by fixing a0 and τEB,0, we fit the rest of the data (dashed line after 5
ps) and obtain the recovery times τEB,1 = (3.4± 0.7) ps and τEB,2 = (215± 4) ps.
By plugging the results of the fit into equation 9.3, we can thus reconstruct the
genuine (i.e. after deconvolution) response of HEB to laser excitation, as shown in
Fig. 9.5(b), solid line.
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9.3.3 Discussion

After having assigned a time scale to the laser-induced quenching of EB, and
having demonstrated that it is a genuine sub-ps process, the remaining issue is
to understand the microscopic origin of τEB,0. We conjecture that the quenching
of exchange interaction is caused by laser-induced disordering of the spins at the
FM/AFM interface. More specifically, since the Curie temperature of Co is about
1400 K [79], while the Neel temperature of IrMn is 690 K [95], it is very likely that
it is a loss of spin ordering in the antiferromagnet that triggers the fast decrease
of HEB. Therefore, we anticipate that our method could prove useful not only for
investigating the dynamics of exchange interaction, but also to indirectly probe
the loss and recovery of magnetic ordering in antiferromangets in the fs regime.

As a first attempt to gain a more generic view on the sub-ps dynamics of the
AF spins, a few observations can be made. Firstly, our data show that both the
applied magnetic field, as well as the relative orientation of HEB with respect to the
magnetization of the FM layer play a minor role. Also, in the preliminary analysis
of data for different thicknesses of IrMn and Co layers we did not find significant
correlations. Finally we stress that, although τEB,0 = 0.7 ps is extremely fast, it is
significantly slower than typical demagnetization times in FM transition metals,
τM ∼ 100 fs. This might place the dynamics in a different regime compared to
FM transition metals, where τM is of the order of the electron thermalization time
and a factor of ∼ 5 faster than the electron-phonon energy equilibration. However
it should be noted that the latter time scales have not been systematically studied
for IrMn thin films, nor for Co/IrMn bilayers. Clearly further investigations are
needed to shed more light on the topic.

9.4 Conclusions

In conclusion we were able to resolve the genuine ultrafast dynamics of exchange
interaction in ferromagnet/antiferromagent coupled bilayers upon fs laser excita-
tion, using a novel method based on a careful analysis of precessional transients
of the FM magnetization. The method was applied to the Co/IrMn system, and
enabled for the first time a quantitative estimate of the time scale at which the
exchange interaction is quenched: τEB,0 = (0.7 ± 0.5) ps. We envision that this
result may provide new insight in the microscopic mechanisms that determine the
interlayer exchange coupling, and inspire new possibilities for magnetic switching.
Moreover, in especially engineered samples, the method we developed could be
used to resolve the ultrafast laser-induced spin dynamics of antiferromagnets.





Chapter 10

Laser-induced magnetization

dynamics in epitaxial

Co/Mn bilayers

The spin dynamic response to femtosecond laser excitation in epitaxial Co/fct-
Mn(001) exchange-coupled bilayers is studied. The epitaxially grown Mn thin films
present a face centered tetragonal (fct) structure. Damped oscillations in the polar
Kerr rotation transients, representing a precessional motion of the magnetization
vector, are observed for an atomically flat Co/Mn interface, when a magnetic field
is applied perpendicular to the exchange bias direction. The absence of a measur-
able ultrafast demagnetization in the first picosecond after laser excitation suggests
that the precession is launched by a laser-induced sub-picosecond quenching of the
exchange coupling. The exact value of the damping parameter varies within the
range 0.05 ≤ α ≤ 0.2, depending on the detailed structure of the sample. The
results reported in this chapter have been published in Ref. [96] and Ref. [109].

10.1 Introduction

In this chapter we conclude our exploration of ultrafast magnetization dynamics
in exchange bias systems with a preliminary study of the laser-induced response
of an epitaxial Co/Mn bilayer.

As we already mentioned, despite the huge amount of theoretical and exper-
imental efforts, a microscopic model that completely explains the exchange bias
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(EB) effect has not yet emerged [95]. However, it is evident that the atomic struc-
ture and spin configuration at the FM/AFM interface play a major role in the
arising of EB. Many factors such as spin orientation, anisotropy, crystallinity and
roughness at the interface contribute in a combined way to the magnitude of the
loop shift, also called exchange bias field (HEB), and the coercivity (Hc), making
theoretical analysis and predictions very complicated. From an experimental per-
spective it is important to design samples and experiments that enable studying
the dependence on a particular parameter while keeping all the others fixed. The
procedure is complicated by the fact that parameters are typically not independent
of each other.

Single-crystalline Co/fct-Mn(001) bilayers, epitaxially grown on a Cu(001) sin-
gle crystal substrate, proved particularly suited to study the dependence of EB
on interface morphology. It has been shown that the antiferromagnetic Mn in-
duces a unidirectional anisotropy in Co at room temperature, while the layer by
layer growth enables the formation of a well defined FM/AFM interface [110]. In
particular, we will see in this chapter that both static magneto-optical Kerr effect
(MOKE) and magnetization-induced second harmonic generation (MSHG) mea-
surements show that HEB and Hc critically depend on the Co atomic roughness
at the interface [109, 110].

In chapter 8 a systematic difference between the values of the exchange bias field
measured by static MOKE, HEB,st, and those deduced by analyzing the frequency
of the laser-induced precession, HEB,dyn, was observed. With this result in mind,
here we aim at understanding whether the dynamics parameters (such as HEB,dyn,
the Gilbert damping α, the precessional frequency f , etc.) are affected by the
atomic roughness at the interface similarly to the (static) exchange bias field and
coercivity. This is of interest because such comparisons might provide new insight
in the physics of EB and they might have an impact in technology (e.g. opening
the way to a systematic control of the local damping parameter by modulating
the interface roughness).

Therefore we perform TRMOKE experiments in the same geometry introduced
in chapters 8 and 9 (i.e. external field applied in the sample plane, perpendicularly
to the EB direction), inducing a precession of the FM spins. However, differently
from the polycrystalline Co/IrMn samples, the single crystal Co/Mn bilayers yield
a weak and heavily damped signal. This makes it very difficult to draw some
conclusions about the influence of interface roughness on the dynamics of magne-
tization, leaving this challenging topic open for future investigations.
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10.2 Samples description and static characteriza-

tion

We studied a series of samples, characterized by different relative thicknesses of
the layers. Here we focus on two specific samples; both of them consist of a
Co/Mn bilayer epitaxially grown on a Cu(001) single crystal substrate in ultrahigh
vacuum (pressure below 5× 10−11 mbar) at room temperature. In order to study
the influence of the thickness of the FM on the exchange interaction, in sample
1 the Co is deposited forming a wedge structure, from a thickness of ∼ 7 to 13
monolayers (ML); a sharp step to a plateau of 24 ML is also created to mark the end
of the wedge. The Mn is epitaxially grown on top of the Co wedge with a constant
thickness of 25 ML. The whole stack is capped with 5 nm of Cu to protect from
oxidation. A sketch of sample 1 is shown in figure 10.1(d). More details about the
growth of this kind of wedges can be found in [110]; here we only want to stress that
(i) Mn is expected to grow on Co forming a compensated fct spin structure at the
interface, and (ii) these deposition conditions lead to the formation of a Co surface
characterized by a modulated roughness. In particular, in situ Scanning Tunneling
Microscope scans on similar wedges proved that at a nominal thickness of N Co
ML (where N is an integer) the Co surface is atomically flat, while at a nominal
thickness of (N +1/2) ML the surface exhibits an enhanced atomic roughness due
to the formation of islands and terraces [110]. The growth conditions of sample 2
are exactly the same, but the composition is slightly different: the Co is deposited
on Cu(001) with a constant thickness of 25 ML, the thickness of the Mn layer is
18 ML, and the capping layer consists of 2 nm of Cu and 2 nm of Al. The capping
layer of sample 2 is characterized by a lower optical absorption at the wavelength
of interest (785 nm), making it more suitable for Kerr effect measurements.

After Mn deposition the samples were annealed at 440 K for 30 minutes in a 3
kG magnetic field applied along the Co[110] easy axis direction in order to achieve
a well defined exchange anisotropy direction. Subsequently longitudinal MOKE
measurements were performed along the wedge of sample 1 for magnetic charac-
terization. In figure 10.1(a) and (b) two MOKE loops can be seen, corresponding
to 11 and 10.5 Co ML respectively. It can immediately be noticed that the inter-
face morphology has an influence on the exchange coupling, the coercivity of the
sample changing from ∼ 42 kA/m for the filled ML to ∼ 25 kA/m for the half filled
ML. A closer look shows that HEB is affected by the morphology in the opposite
way, i.e. being minimum for the filled ML. This behavior is maintained through-
out the wedge as can be seen in figure 10.1(c) where coercivity and exchange bias
are plotted as function of Co thickness: Hc and HEB oscillate with opposite phase
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Figure 10.1: Typical MOKE loops of sample 1 for Co thickness of (a) 11 ML and
(b) 10.5 ML; the normalized Kerr ellipticity is plotted as function of the magnetic
field applied in the [110] (anneal) direction. (c) High precision measurement of
Hc and HEB as function of Co thickness in sample 1; an oscillatory behavior is
observed, due to the atomic roughness dependence of the exchange interaction.
(d) Sketch of sample 1.

along the wedge, till the 24 ML plateau is reached. Superimposed to the oscillation
a typical 1/tCo behavior, where tCo represents the thickness of the ferromagnet, is
observed. The oscillations are due to changes in the FM/AFM interaction, induced
by the modulated atomic roughness, which favor, for a perfectly flat interface, a
perpendicular alignment of FM and AFM spins.

A nice confirmation of these observations is provided by MSHG measurements,
as shown in Fig. 10.2. These data have been obtained in collaboration with Theo
Rasing, Andrei Kyrylyuk and Ventislav Valev at Radboud University, Nijmegen
(NL). In particular MSHG allows for interface-sensitive measurements (compared
to MOKE which is sensitive to the average signal from the bulk), hence provide
further evidence that the effect originates at the Co/Mn interface. Further details
can be found in Ref. [109].
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Figure 10.2: Comparison between MOKE (black full and empty symbols) and
MSHG (gray full and empty symbols) signals, from Ref. [109].

10.3 Time resolved experiments

In order to investigate how spins respond to fs laser excitation we performed
polar TRMOKE measurements on the Co/Mn bilayer using 70 fs laser pulses at
80 MHz repetition rate, with a pump fluence of ∼ 1 mJ/cm2. Pump and probe
pulses are modulated by a Photoelastic Modulator and a chopper and focused onto
the same 8 µm diameter spot on the sample at almost perpendicular incidence;
the Kerr rotation is thus proportional to the out of plane (OOP) component of
the magnetization. The results presented in the following paragraphs have been
obtained from sample 2, but similar results were achieved from sample 1 as well.

We choose two different geometries for the time resolved experiments. First
we perform a polar TRMOKE experiment, applying an in plane magnetic field
of 16 kA/m perpendicular to the exchange bias direction; aim of the study is to
trigger precessional magnetization dynamics by suddenly quenching the exchange
bias field. A typical result of such a measurement is shown in figure 10.3(a);
an oscillatory behavior of the normalized Kerr rotation can be observed, which
corresponds to a coherent magnetization precession. The data can be fitted with
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a damped sine of the form

∆Ψ(t) = A exp(−t/τ) sin(2π(ft + φ)), (10.1)

with frequency f ∼ 22 GHz and time constant τ ∼ 31 ps. A damping parameter
α = 0.19 ± 0.01 can be calculated with the equation 1/α = γ0τ(2H0 + MS)/2,
where γ0 is the gyromagnetic ratio, H0 is the modulus of the effective field, and
MS is the saturation magnetization. Measurements on different samples have
yielded different values of the damping parameter within the range 0.05 ≤ α ≤ 0.2,
depending on the relative thicknesses of the Co and Mn layers and on the applied
field.

As we demonstrated in the previous chapter, the mechanism that leads to
the observed coherent damped spin precession is based on the temperature de-
pendence of the exchange interaction. When the pump pulse hits the sample,
heat is transferred to the conduction electrons bringing the bilayer close to the
blocking temperature, Tb ∼ 400 K (the temperature at which the exchange bias
vanishes), and thus lowering the exchange bias. The equilibrium magnetization
direction is now closer to the applied field direction, therefore the spins experience
a torque that brings them to a canted state. The extra heat is finally dissipated
on a ps timescale to the substrate through electron-phonon interactions and heat
conduction, and the original exchange bias is recovered. The subsequent damped
magnetization precession corresponds to the spins aligning back to the original
equilibrium direction.

It is well known that ultrafast laser pulses can induce a demagnetization on a
time scale of some hundreds of femtoseconds due to the temperature dependence
of the saturation magnetization [8, 16]. Since the anisotropies (shape anisotropy,
crystalline anisotropy, surface anisotropy, etc.) in a FM strongly depend on the
saturation magnetization [73], laser-induced demagnetization can cause a sudden
change in the anisotropy, driving the magnetization out of equilibrium and thereby
starting a precessional motion, as nicely shown for example in [21]. Such a mech-
anism could in principle be responsible for the observed precession in our present
experiment; however such a reduction of the magnetization can not be resolved in
the current geometry since our polar measurement is not sensitive to the in-plane
magnetization components.

In order to induce a measurable OOP magnetization and verify that the mech-
anism that drives the precession of figure 10.3(a) is a sudden reduction of exchange
interaction and not a demagnetization-induced change of the anisotropy, we per-
formed another polar TRMOKE experiment, applying a magnetic field of 160
kA/m directed perpendicular to the surface, leading to a canted magnetization
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Figure 10.3: Typical TRMOKE measurements in the polar geometry. A damped
precession, driven by laser-induced quenching of HEB, is observed when an in-plane
field perpendicular to the exchange bias direction is applied (a). No measurable
ultrafast demagnetization is observed when the field is applied out of plane (b,
empty circles), although laser power is absorbed by the Co electrons, as proved by
the reflectivity transient (b, full squares).

equilibrium direction. In this configuration a modification of the exchange inter-
action would not alter the magnetization equilibrium direction, while a change in
the anisotropy, driven by ultrafast demagnetization, would result in a change of
the canting angle and eventually lead to a precessional motion. As can be seen
in figure 10.3(b) no demagnetization is observed in the first picosecond after laser
excitation within the experimental accuracy of 0.02%: the sudden change in the
transient reflectivity (full squares) proves that heat is absorbed in the layer, but the
magnetic response (empty circles) is flat up to the experimental resolution. The
sharp peak at 0 ps time delay is due a modified optical response during pump-
probe overlapping driven by state filling bleaching effects [111] and/or by pump
light scattered towards the detector; it does not resemble any spin dynamics. Also
on a longer time scale no oscillations can be observed (not shown here). This



122Laser-induced magnetization dynamics in epitaxial Co/Mn bilayers

demonstrates that the magnetization precession observed when a field is applied in
the plane of the sample is due to a laser-induced quenching of the exchange bias.
The absence of demagnetization is not surprising if we take into account the rela-
tively high Curie temperature of Cobalt, TC ∼ 1400 K. Considering a typical 20%
absorption of light in the Co layer, we can calculate an electron temperature rise
of ∼ 100 K above room temperature, which corresponds to too low a demagne-
tization to be detected with our setup1. On the other hand such a temperature
raise is sufficient to bring the bilayer close to Tb and induce a quenching of HEB,
causing the observed precession when an in plane field is applied perpendicular to
the exchange bias direction.

10.4 Conclusions

In conclusion we studied for the dynamic spin response to fs laser excitation on a
Co/fct-Mn(001) exchanged couple bilayer, presenting an atomically flat interface.
The observed damped magnetization precession and the absence of a measurable
ultrafast demagnetization are a direct proof that we can optically modify the ex-
change interaction on an ultrafast time scale, taking advantage of its temperature
dependence. These first observations provide a strong motivation for further stud-
ies on similar epitaxial systems.

1Obviously, stronger laser pulses could induce a measurable ultrafast demagnetization.



Appendix A

Simple analytical solution of

the three-temperatures

model

In this appendix we derive a simple analytical solution of the three temperatures
model (3TM), following the approach described in Ref. [46]. We start with the
equations of the 3TM:

Ce
dTe

dt
= −Gep(Te − Tp)−Ges(Te − Ts) + P (t),

Cp
dTp

dt
= −Gep(Tp − Te)−Gps(Tp − Ts), (A.1)

Ce
dTs

dt
= −Ges(Ts − Te)−Gep(Ts − Tp),

where C are the heat capacities of the three systems, G the coupling constants
between them, and P (t) represents the excitation from the laser pump pulse.
Neglecting electron thermalization (Te raises instantaneously), considering Ce and
Cp constant (valid in the limit of low fluence [43]) and neglecting the spins (Cs = 0,
justified by the fact that Cs ¿ Ce, Cs ¿ Cp), one obtains a 2TM that can be
solved analytically:

CedTe(t)/dt = −Gep(Te(t)− Tp(t))

CpdTp(t)/dt = −Gep(Tp(t)− Te(t)) (A.2)
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The solution can be written as:

Te(t) = T1 + (T2,e − T1)e−t/τE

Tp(t) = T1(1− e−t/τE ) (A.3)

Now we introduce the spin dynamics with the following rate equation:

dTs(t)/dt =
Te(t)− Ts(t)

τM,e
+

Tp(t)− Ts(t)
τM,p

, (A.4)

where τM,e and τM,p represent the contribution to the demagnetization time from
the electron-spin channel and the phonon-spin channel. Then we obtain the general
analytical solution for the spin temperature:

Ts(t) = T1 − (τET2 − τMT1)e−t/τM + τE(T1 − T2)e−t/τE

τE − τM
, (A.5)

where we defined T2 = T2,e
τM

τM,e
and τ−1

M = τ−1
M,e +τ−1

M,p. Note that the result shows
that an overall τM (including both contributions via the s-p and s-e channel) can
be fitted, without prior knowledge of which of the two channels dominates, and
without needing information from transient reflection.

From eq. A.5, the fitting function of eq. 3.1 is easily derived. First we assume
a linear relation between magnetization and temperature (i.e. we linearize the Ms

vs. T curve, which is justified at low fluence) thus converting the temperatures T1

and T2 into the constants A1 and A2, respectively. We then introduce the term
F (τ0, t) to properly take into account heat diffusion, and we add the term A3δ(t)
to describe the effect of optical artifacts. Finally, convolution with the Gaussian
laser pulse gives eq. 3.1.



Appendix B

Calculation of the Gilbert

damping in the e-p

scattering case

In this appendix we calculate the Gilbert damping parameter within the micro-
scopic model presented in chapters 5 and 6 for the case of electron-phonon scat-
tering. The calculation is completely analogous to the one carried out in section
6.3.3.

In this case we have to calculate the e-p induced matrix element A for scattering
up/down from state |Ns,m〉 to |Ns,m± 1〉. Using the definition of the spin-flip
term of the Hamiltonian 5.1 and taking into account Fig. 6.3 then yields:

ANs,m =
√

a

Ds

λep

2N3/2
sin θ(t). (B.1)

Next we apply Fermi’s golden rule, and use the fact that the difference between
each of the spin sub-levels is γµ0H. Then the rate of change of the z-component
of the total spin moment, starting from the state ‘m’, is given by the difference in
spin-up and spin-down scattering:

Ṡz =
2π

~
N4D2

F DsDpA
2
Ns,m[

((1 + Np)f(−Ep − γµ0H,Te) + Npf(Ep − γµ0H,Te))−
− ((1 + Np)f(−Ep + γµ0H, Te) + Npf(Ep + γµ0H, Te))]. (B.2)

Again the f -integrals can be performed analytically. As in section 6.3.3, since for
realistic field strengths the energy difference γµ0H is negligible with respect to
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kBT , we restrict ourselves to the lowest order (linear) in γµ0H. Some algebra
then leads to

Ṡz(t)
S

=
2πλ2

epD
2
F DpakBTp

EpDs
γµ0H sin2 θ(t). (B.3)

A comparison with eq. 6.14 finally yields:

α =
2πλ2

epD
2
F DpakBTp

EpDs
. (B.4)
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Bigot, “Spin dynamics in CoPt3 alloy films: A magnetic phase transition in
the femtosecond time scale,” Phys. Rev. B, vol. 58, no. 18, pp. 12134–12137,
1998.

[57] M. D. Stiles and J. Miltat, Spin transfer torque and dynamics. Topics In Ap-
plied Physics: Spin Dynamics in Confined Magnetic Structures III, Springer,
Berlin, 1996.
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Summary

Laser-induced magnetization dynamics
- an ultrafast journey among spins and light pulses -

In this thesis, the dynamic response of the magnetic properties of materials,
upon irradiation with a short laser pulse, is investigated experimentally and the-
oretically.

The materials under investigation are thin ferromagnetic films, and more com-
plex structures thereof. Ferromagnets are materials in which the electronic spins
(the fundamental quanta of magnetic moment) are aligned along a preferential
axis giving rise to a macroscopic magnetic moment per unit volume, the magneti-
zation. The alignment, due to a strong correlation among the spins, is maintained
to a certain extent even in absence of an external applied magnetic field. The
thickness of the films is typically between 10 and 20 nanometers. Such thin fer-
romagnetic films are widely used in technological applications, e.g. in magnetic
recording industry, where information is stored in tiny ferromagnetic bits.

Due to the demand from industry of ever faster data storage, it is important
to investigate the ultimate speed for switching a magnetic bit. Femtosecond laser
pulses are particularly suited for this purpose. Perturbation of a ferromagnetic
thin film with a laser pulse of about 70 fs (1 fs = 10−15 s) leads to a loss of
the magnetization within a few hundreds of fs only. If such an ultrafast demag-
netization could be directly used in storage devices, it could potentially lead to
an increase of the operation speed of such devices by a factor of 1000. Besides
its technological relevance, laser-induced ultrafast demagnetization is interesting
from a fundamental perspective, the microscopic processes involved in it being not
yet completely understood. It is one of the main goals of this thesis to shed new
light on the subject through experimental investigations, analytical modeling and
numerical calculations.

The main experimental tool used in this work is time-resolved magneto-optical
Kerr effect (TRMOKE). This is a so called stroboscopic, pump-probe, technique.
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A strong laser pulse (pump) first creates a perturbation in the sample, i.e. a dis-
order among the spins that leads to a reduction of the macroscopic magnetization.
Subsequently a weaker pulse (probe) monitors the evolution of the magnetization
as a function of time. According to the magneto-optical Kerr effect, the changes
in the magnetization of the sample are related to the changes in the polarization
of the probe beam. The delay between pump and probe pulses can be adjusted
with fs resolution by mechanically lengthening and shortening the optical path of
one of the two pulses. By spanning the delay from zero to several hundreds of
picoseconds, and measuring the changes in the polarization of the probe beam, it
is thus possible to follow the evolution of the magnetization upon laser excitation.
A thorough description of TRMOKE is given in chapter 2.

The original results reported in this thesis can be roughly divided in two parts.
The first part deals with the problem of angular momentum conservation during
the demagnetization process. Angular momentum conservation is identified as
the key issue to go beyond a macroscopic description of ultrafast demagnetization
and gain a microscopic understanding: where do the electron transfer their spin
momentum upon laser excitation? how does this process take place?

In chapter 3, the influence of photon angular momentum on the demagnetiza-
tion time of a nickel thin film is studied by systematically varying the helicity of
the pump pulses. It is found that the demagnetization time does not show any
measurable dependence on the pump helicity. This rules out direct transfer of an-
gular momentum between photons and spins as a possible microscopic mechanism
determining ultrafast demagnetization. In chapter 4 the possibility of speeding
up the demagnetization process by opening a tunable channel for spin dissipa-
tion is investigated. Especially engineered samples based on multilayers of cobalt
and platinum are created, where non-thermalized “hot” electrons are selectively
allowed or forbidden to travel from a first ferromagnetic thin film to a second
one. When the two ferromagnetic films are magnetized in opposite directions, if
the channel for hot electrons flow is open we detect demagnetization times up to
a factor of four lower than if the channel is closed. Correspondingly, the total
amount of demagnetization is up to 25% higher. The spin current associated with
the hot electrons is responsible for the faster demagnetization, confirming that
momentum flow is the key to understanding – and in this case even controlling –
the demagnetization process.

Based on our experimental findings, a theoretical model is developed that suc-
cessfully describes ultrafast demagnetization from a microscopic point of view.
The model is based on the assumption that, upon laser excitation, the electrons
transfer their momentum to the lattice via electron-phonon (or electron-impurity)
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scattering events accompanied by spin-flip with a finite probability. In chapter 5,
analytical expressions for the demagnetization time scales (i.e. demagnetization
time and electron-phonon relaxation time) are derived quantum mechanically. De-
spite the crude approximations, the model predicts the correct orders of magnitude.
A numerical implementation of the model is also presented, revealing that the an-
alytical expressions are valid under less strict conditions than those under which
they were derived. An interesting prediction of the model is that the demagnetiza-
tion time is related, via an appealingly simple inverse proportionality relation, to
the so called (intrinsic) Gilbert damping parameter. The latter is a very important
quantity that describes damping of precessional motion of the magnetization vec-
tor. In chapter 6, this relation is explored in detail, thus unifying two apparently
unrelated phenomena happening on very different time scales: sub-picosecond for
the demagnetization, and several hundreds of picoseconds for the damping. In
chapter 7, preliminary experimental investigations are carried out to validate the
simple inverse proportionality relation predicted by the model. A systematic study
on permalloy (an alloy of nickel and iron) thin films doped with either terbium
or copper is performed. Overall, a reasonable quantitative agreement with the
values predicted by the theory is found, but the predicted inverse proportionality
is only weakly observed in the copper-doped samples, while no trend is observed
for terbium doping.

After having studied the ultrafast demagnetization process in ferromagnets,
and having developed a successful microscopic theory, in the second part of the
thesis we investigate how fs laser heating can be used to manipulate the interac-
tion between coupled magnetic entities on a sub-ps time scale. In chapter 8, we
choose for this exploration an exchange bias system composed of a bilayer of an-
tiferromagnetic iridium-manganese alloy and ferromagnetic cobalt. We work out
an experimental configuration in which a precession of the ferromagnetic spins,
driven by a laser-induced perturbation of the interlayer exchange interaction, can
be induced and studied systematically. The dependence of the dynamics on the
external magnetic field and on the relative thickness of the layers is investigated,
and simple models are developed to explain the results. An interesting outcome of
this study is that the equilibrium static value of the exchange interaction can differ
significantly from the value that one measures during a dynamic experiment. This
observation motivates the experiments presented in chapter 9, where a method is
developed to fully reconstruct the laser-induced dynamics of the exchange inter-
action from the precession of the ferromagnetic spins. We demonstrate that laser
heating partially decouples the two layers, the interlayer interaction being reduced
on a timescale of a few hundreds of fs only. In chapter 10, we extend our stud-
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ies to a different exchange bias system, composed of epitaxially grown cobalt and
manganese bilayers. The epitaxial growth allows for a systematic control of the
interface roughness (at the atomic level) between the ferromagnetic cobalt and the
antiferromagnetic manganese, thus creating a model system to study the influence
of surface morphology on the exchange interaction.

Our systematic study of ultrafast manipulation of exchange interaction in ex-
change bias systems provides new insight in the intriguing laser-induced phenom-
ena taking place in these widely used structures, at a (sub)ps time scale. Exciting
new discoveries, arising from future investigations, can be anticipated in this field,
with potential impact on magnetic data storage industry.
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