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1General Introduction

�is Chapter provides a general introduction to the research �eld of ultrafast mag-
netization dynamics. We will discuss its historical development by means of im-
portant discoveries, theoretical models, experimental measurement methods and
the outstanding issue of nonlocal e�ects in�uencing magnetization dynamics. We
end this Chapter with an outline of this thesis.
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2 Chapter 1

1.1 Introduction
Magnets are easily associated with digital data storage.�is is not strange when
realizing that the majority of Dutch households owns at least one multimedia
device with a hard disk drive (HDD) inside.�e concept of the hard disk drive
as we know it was introduced in 1956 by IBM.�roughout the years it became
the undisputed market leader by its tremendously increasing storage capacity.
With the development of faster and more compact alternatives like �ash mem-
ory and solid state drives, its popularity might be decreasing. Yet, entirely new
storage devices based on magnetism are ready to conquer the market.
Looking back on the development of the HDD, we see in Fig. 1.1 that the

areal density of bits has grown by more than 50 million times in less than 50
years: an extraordinary achievement. �e second thing we notice is the in-
creased steepness of the curve since the introduction of the giant magnetore-
sistance (GMR) head in 1997. Albert Fert [1] and Peter Grünberg [2] indepen-
dently co-discovered this e�ect in the late 80’s, which led to the Nobel Prize in
2008. Both are therefore considered as the founding fathers of a new �eld of
research called spintronics. In this �eld the electric current as well as the spin
of the electron is used to attach information to or alter the magnetic state of a
device. Other examples of spintronic devices are the Magnetic Random Access
Memory (MRAM) and spin-transfer torqueRAMchips, which recently became
commercially available.
For an increased performance of theHDDandmagneticmemories, also the

speed of the read andwrite process needs to be improved.�e conventional way
of reversing the magnetization direction de�ning the ‘0’ or ‘1’ is by applying an
external magnetic �eld via the read and write head anti-parallel to its current
direction. It strongly correlates with the strength and duration of such a �eld
pulse. Intuitively one would expect that the switching could be in�nitely fast,
if the �eld pulse would be strong enough, but experiments showed that there is
an absolute speed limit to magnetization switching. It has been reported that if
the external �eld is shorter than 2 ps, no deterministic magnetization reversal
takes place. [3] Since the maximum �eld that can be applied is limited, other
ways such as precessional switching schemes have been developed. [4–7] Still a
magnetic precession occurs typically at 100–1000 ps and is relatively slow.
However, there are far larger �elds within a magnetic material itself which

might be used for manipulating the magnetization direction. �ose �elds are
the result of the exchange interaction between spins, and responsible for the
existence of magnetic order in the �rst place. �e timescales associated with
the exchange interaction are of the order of 0.01 to 0.1 ps. So gaining control
over these interactions could provide an enhancement of up to 1000 times for
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Figure 1.1: Areal storage density of a hard disk drive as a function of time. By the
introduction of the GMR head, the increase of areal density became larger than the
overall trend till 1997 (data taken from Ref. 8).

switching the magnetization direction. Hence, the questions arises how we can
get a handle on and tailor these internal �elds. Ultrafastmagnetization dynamics
is engaged in �nding answers to these questions.

1.2 Historical development of ultrafast magnetization dyna-
mics
For studying the use of the exchange interaction for ultrafast switching, one
needs to excite and probe the ferromagnetic sample with a sub-ps time reso-
lution. A suitable way is by means of short laser pulses. Exactly these kind of
experiments were carried out by Beaurepaire et al. [9] in 1996 and marked the
beginning of the �eld of ultrafast magnetization dynamics. Using a focussed in-
tense laser pulse of 60 fs, a Ni �lm was heated. Subsequently the change in the
magnetization was measured by a second probe pulse. �e main message of
the paper was that a Ni �lm could be partially demagnetized within 1 ps by a
pulsed laser of 60 fs as shown in Fig. 1.2(a). It shocked the scienti�c community
as it was orders of magnitude faster than the typical timescale of 0.1 to 1 ns an-
ticipated by experiments of Vaterlaus on Gd [10] and theoretical predictions of
Hübner and Bennemann. [11] For the interpretation of the results, Beaurepaire
used a three-temperature model (3TM). It considered the energy �ow among
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Figure 1.2: (a) A copy of the data as presented by Beaurepaire. [9] It shows the
magneto-optical contrast of Ni �lm as function time being heated by a 60 fs laser pulse.
Within a ps the magnetization is partially quenched a�er which it recovers on a ps
timescale. (b) A schematical representation of the model used to explain the behaviour
in (a): an electron, phonon and spin bath are de�ned exhibiting their own temperature.
�e three baths interact with each other by energy exchange described by interaction
parameters gep, ges and gps. Reprinted from Ref. 12.

three heat baths, i.e. electrons, phonons and spins, being in internal equilibrium
as schematically shown in Fig. 1.2(b).
Shortly a�erwards, Beaurepaire’s �ndings were reproduced by a lot of other

groups and suggestions that the magneto-optic signal recorded would mainly
have a non-magnetic origin were invalidated. [13–19] Nevertheless, the mecha-
nism driving the ultrafast quenching of themagnetization remained poorly un-
derstood. To reproduce experimental observations, a variety of theories have
been developed up to now. A part of them focusses on the heating of the spin
system and redistribution of angular momentum via scattering between vari-
ous (quasi-)particles, such as electron–electron, electron–phonon or electron–
magnon scattering. [20–27] In view of this thesis, we would like to explicitly men-
tion the Microscopic�ree-Temperature Model (M3TM). [26] �is is a micro-
scopicmodel based on Elliott–Yafet spin-�ip scattering. Other theories attribu-
te the loss of magnetic order to coherent e�ects induced by the driving electro-
magnetic �eld. [28,29] Despite all e�orts, no consensus has been reached on the
contribution of several suggested e�ects.
Along the way, new exciting phenomena were discovered. In particular

from an application point of view, the work published by Stanciu et al. [30] was
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intriguing.�ey explicitly showed that the magnetization direction of a sample
consisting of GdFeCo could reproducibly be switched by a single circularly po-
larized 40 fs laser pulse without externally applying a magnetic �eld.�e mag-
netization direction seemed fully dependent on the helicity of the laser pulse
used being ideal for all-optical magnetic recording.�e switching behavior was
in �rst instance attributed to the so-called inverse Faraday e�ect [31,32] generat-
ing large internal magnetic �elds. However, the interpretation was reassessed
later on and ascribed to absorption pro�les being dependent on the helicity of
the laser pulse. [33]

For measuring ultrafast magnetization dynamics, a lot of of pump–probe
techniques have been developed. An important technique has already been
mentioned in the beginning of this section. It is better known as time resolved
magneto-optic Kerr e�ect (TRMOKE) measurement [9] and is used to obtain
the results in this thesis. All kinds of variations are nowadays around, di�ering
in wavelength of the pump and probe pulse in the setup. However, a promising
technique using X-ray probe pulses deserves extra attention. Due to the devel-
opment of synchrotron X-ray sources, one is able to generate both circularly
as well as linearly polarized light that is intense enough to measure magnetic
circular (XMCD) and linear (XMLD) dichroism. �anks to the development
of a technique called femto-slicing, [34] it became possible to reduce the length
of the X-ray pulses to ∼100-femtosecondmaking it suitable for probing magne-
tization dynamics at sub-ps timescales. By tuning the wavelength of the X-ray
probe pulse, one is able to measure the magnetization dynamics of speci�c el-
ement in the studied sample. �e �rst successful XMCD measurements were
performed on Ni and reported on by Stamm et al. [35]
For interpreting experimentally obtained demagnetization traces, the fer-

romagnetic system studied is o�en approached as a single block of material
being uniformly excited by the stimulus. In�uences of nonlocal e�ects, such
as heat transport, on the demagnetization process are thereby completely ig-
nored. As a consequence, one may attribute speci�c demagnetization e�ects to
a di�erent driving mechanism, whereas they are caused by these nonlocal ef-
fects. For instance, it has been suggested that the nonhomogeneous excitation
of a uniform Ni �lm by an intense laser pulse in�uences the demagnetization
process. [36] Also, the existence and in�uence of spin transport on the demag-
netization process was experimentally demonstrated by Malinowski et al. [37]
in a ferromagnetic multilayer. More recently, the importance of a nonlocal ap-
proach was explicitly demonstrated by Graves. [38]�ey showed by X-ray laser
di�raction on an amorphous GdFeCo �lm that the inhomogeneity in the indi-
vidual elements a�ects the spin dynamics.
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At the other side of the spectrum, we �nd the theoretical approach by Bat-
tiato et al. [39,40]�ey claim to describe the ultrafast demagnetization dynamics
completely in terms nonlocal e�ects by means so-called superdi�usive trans-
port. It describes electrons in the intermediate situation between purely bal-
listic and di�usive transport. According to this model there is no net loss of
magnetization due to a sudden increase of temperature, but it is caused by ma-
jority spinsmoving away from the excited region as a result of their longermean
free path than the minority electrons. Because the pump and probe region fully
overlap, the redistributions of spins is measured as a demagnetization.

�e question thus arises how we can distinguish between nonlocal e�ects
and the (genuine) mechanism driving the ultrafast quenching of the magneti-
zation. We consider the answer to this question crucial for further progress in
the �eld and this forms the basis of the work as presented in this thesis. We
especially want to elucidate the in�uence of the nonhomogeneous excitation,
heat transport and spin–orbit coupling on the ultrafast magnetization dynam-
ics by simulations as well as experiments. For the latter, the M3TM provides an
important tool to analyze these kind of measurements and distinguish the con-
tribution of nonlocal e�ects from the microscopic driving mechanism. Finally,
in the last main Chapter of this thesis we will show how we can use nonlocal
e�ects for manipulating the magnetization direction of a non-adjacent ferro-
magnetic layer.

1.3 This thesis
For studying ultrafast demagnetization dynamics, we make use of a time re-
solved magneto-optic Kerr e�ect setup (TRMOKE). In Chapter 2 we will dis-
cuss what the Kerr e�ect is and how we exploit it in our setup by discussing all
key elements. We will present a typical result and show how the magnetization
trace obtained can be parameterized. �e Chapter is concluded by a descrip-
tion of the Microscopic�ree-Temperature Model as we use it to explore the
in�uence of nonlocal e�ects on the demagnetization process.
In Chapter 3 we will present a series of M3TM-based simulations studying

the e�ect of �nite �lm thickness and structure on the quenching time of the
magnetization. It is shown that this kind of extrinsic parameters can change
the observed demagnetization time up to a factor of three. �erefore care has
to be taken, when comparing results obtained by di�erent experimentalists.
Spin–orbit coupling is believed to play an important role in the demagne-

tization process. Upon increasing the spin–orbit interaction, angular momen-
tum is expected to be transferred more easily to the phonon system. �is is
exactly what we experimentally demonstrate in Chapter 4 by TRMOKE mea-
surements. We compare the data obtained from a Co/Pt multilayer �lm with
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those from a bulk Co �lm. In the multilayer, the spin–orbit coupling of Co is
enhanced at the interfaces leading to decreased demagnetization by a factor of
three. Upon analyzing the data using the M3TM, we obtain an at least fourfold
larger Elliott-Yafet spin-�ip parameter.
In Chapter 5 a series of systematic TRMOKE experiments is carried out

to quantify the in�uence of heat transport on the demagnetization process. We
performed �uence dependent measurements by varying the laser impinging on
the Co/Pt multilayer sample itself or varying the Pt layer on top of the multi-
layer. �e demagnetization times as a function of maximum quenching show
contrasting behaviors when comparing both series. It suggests that heat trans-
port is occurring at a similar timescale as the demagnetization process. We
support this explanation by M3TM simulations. �ese show that some sort of
electron heat transport mechanism needs to be included in order to reproduce
the experimental data.
Finally inChapter 6wewill demonstrate the possibility of transferring spin

angular momentum across a Au layer of up to 10 nm. Wemaximized the torque
exerted by the transferred spins by using a non-collinearly magnetized sample.
�e spin-transfer torque induced by spins exchanged between the ferromag-
netic layers is experimentally observed by a GHz-precession. We determined
that the spin-transfer torque in our experiment is mainly driven by hot elec-
trons created during the demagnetization process induced by the intense pump
pulse.�e spin-dependent Seebeck e�ect is estimated to be about three orders
of magnitude smaller.





2Methods

In this Chapter, we start by discussing the magneto-optic Kerr e�ect (MOKE). We
use this e�ect to gain information about the magnetization dynamics in our fer-
romagnetic samples. Subsequently we will describe the individual components in
our experimental setup and explain how they are used to measure MOKE in a
time resolved way. By means of a characteristic result, we will elucidate the mea-
suring procedure and how the magnetic contributions can be extracted from the
MOKE-signal. We will give a physical interpretation to the recorded magnetiza-
tion dynamics by a parametrization of the data. Finally, we will go through a
short derivation of the Microscopic�ree-Temperature Model, which we will use
to reveal the in�uence of nonlocal e�ects on the ultrafast quenching of the magne-
tization.

9
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2.1 Magneto-optic Kerr effect
In this section, we describe themagneto-optic Kerr e�ect (MOKE) from themi-
croscopic and the phenomenological point of view. MOKE governs the change
in light polarization and re�ectivity upon re�ection from amagnetizedmedium
as discovered by Kerr. [41]�e e�ect is similar to the magneto-optic Faraday ef-
fect, [42] which governs the change in the polarization of light upon transmission
through a ferromagnetic material.
Microscopically, the magneto-optic Kerr e�ect �nds its origin in the cou-

pling between the spin angularmomentum and the orbital angularmomentum,
i.e. spin–orbit coupling. Whenwe consider the situation of spherical symmetry
and no spin–orbit coupling, the dipole selection rules only allow interactions
that lead to ∆l = ±1. However in the presence of spin–orbit coupling, the selec-
tion rules concerns the quantum number j instead of l .�e orbital momentum
L⃗ is therefore correlated to the spin angular momentum S⃗ via the total angular
momentum J⃗.�is allows us to optically probe the spin systems via the dipole
selection rules.
For the analysis of the magneto-optic Kerr e�ect from a phenomenological

point of view, we introduce the dielectric constant ε. �is constant links the
displacement D⃗ to the electric �eld E⃗, providing that the considered material is
either isotropic or highly symmetric (e.g. cubic). In cubic ferromagnets, how-
ever, the symmetry is broken due to the magnetization (M⃗). In that case, the
simple description fails and a tensor ε needs to be considered. �is tensor is
equal to

ε =
⎛
⎜
⎝

εxx εxy εxz
−εxy εxx εyz
−εxz −εyz εxx

⎞
⎟
⎠
, (2.1)

where εnn(M⃗) = εnn(−M⃗) and εnm(M⃗) = −εnm(−M⃗) are demanded by the
cubic symmetry and the Onsager relations.
If we limit ourselves to �rst order changes in M⃗, we can state that the diag-

onal elements are independent of M⃗. �e o�-diagonal elements, on the other
hand, are linearly dependent on M⃗ and, if the absorption is negligible, purely
imaginary. We now consider the case in which themagnetization is exactly per-
pendicular to the plane of the magnetic material, i.e. parallel to the z-axis.�is
speci�c situation applies for most of the samples studied in this thesis. Due to
symmetry arguments, the dielectric tensor of Eqn. (2.1) simpli�es to

ε =
⎛
⎜
⎝

εxx εxy 0
−εxy εxx 0
0 0 εxx

⎞
⎟
⎠
. (2.2)



Methods 11

M

r

(a) (b)

M

i

i rθ

(c)

M

i rθ

Figure 2.1: the three possible MOKE geometries being (a) polar, (b) longitudinal
and (c) transversal MOKE.�e probed direction of the magnetization is indicated by
M. �e i and r indicate the direction of the incident and re�ected light, respectively,
making an angle of ±θ with the normal of the �lm plane. Reprinted from Ref. 45.

Assuming waves propagating along the z-axis, it is convenient to trans-
form Eqn. (2.2) to cylindrical coordinates de�ned by e⃗− = 1√

2
(e⃗x − i e⃗y), e⃗+ =

1√
2
(e⃗x + i e⃗y) and e⃗z = e⃗z . We then obtain a diagonalized tensor being

ε′ =
⎛
⎜
⎝

εxx − iεxy 0 0
0 εxx + iεxy 0
0 0 εxx

⎞
⎟
⎠
, (2.3)

from which we directly observe that the dielectric constants di�er for the le�-
(e⃗−) and righthanded (e⃗+) circularly polarized light, i.e. ε± = εxx ± iεxy. Be-
cause εxy is linearly dependent on Mz in the present case, we can extract the
change inMz by recording the di�erence between le�- and righthanded circu-
larly polarized light, i.e. ε+ − ε− = 2iεxy.
Linearly polarized light can be regarded as a combination of le�- and right-

handed circularly polarized light. Due to the di�erent dielectric constants, the
originally linearly polarized light will experience a rotation (Kerr rotation) and
gain an ellipticity (Kerr ellipticity) upon re�ection from amagnetic material. In
the case of perpendicular incidence andmagnetization, the polarization change
of the light can be calculated using Fresnel coe�cients and is given by [43,44]

ψ = ψr + iψe =
εxy√εxx (εxx − 1)

, (2.4)

withψr the rotation of the polarization axis andψe the ellipticity of the re�ected
light.
So far, the analysis is limited to perpendicularly incident light and perpen-

dicularly magnetized ferromagnets. �is con�guration is normally referred to



12 Chapter 2

as polarMOKE.However, depending on the relative direction between the inci-
dent light and the magnetization, we can distinguish two more con�gurations.
�ese are called longitudinal and tranversal MOKE.�e geometry of the three
types ofMOKE are shown in Fig. 2.1.�e con�guration is referred to as longitu-
dinal MOKE, when the in-plane component of the magnetization is measured
and the magnetization coincides with the plane of the incident light. Finally,
we call the geometry transversal MOKE, when the in-plane component of the
magnetization is measured, which is perpendicular to the plane of the incident
light.

�emagnitude of the Kerr e�ect is di�erent for each geometry and depends
on the angle of incidence. Generally, the largest Kerr e�ect is obtained by the
polar MOKE geometry. According to You et al. [46], the maximum value of the
longitudinal Kerr e�ect for a speci�c value of θ can be about as equally large
as polar MOKE at normal incidence.�e transverse Kerr e�ect is generally an
order ofmagnitude smaller than the other two. If we now neglect the transverse
contribution, the total Kerr e�ect is only dependent on the components parallel
to the plane of the incident light. We then can approximate the total Kerr e�ect
for an arbitrary angle of incident light and orientation of M⃗ by [46]

ψ =
z
∑
i=x

Fi ⋅Mi , (2.5)

with Fi complex constants. �e magneto-optic signal that is experimentally
obtained contains in general information from two magnetization direction.
�erefore care needs to be taken when interpreting the signal.

2.2 Time resolved MOKE
Now that the magneto-optic Kerr e�ect is introduced, we discuss an all-optical
pump–probe technique that exploits the e�ect. We normally refer to such a
pump–probe approach as time resolvedMOKE or TRMOKE. First, we describe
the component of our TRMOKE setup in more detail. �en, we explain how
we can extract the magneto-optic Kerr e�ect, and thus the magnetization dy-
namics, from this TRMOKE setup.

TRMOKE setup

�e TRMOKE setup we used for the measurements as presented in this thesis
is schematically drawn in Fig. 2.2. �e �rst important component of the setup
is the laser. We use a Tsunami (Spectra Physics) mode-locked Ti:Sapphire laser
generating pulses of approximately 70 fs FullWidth atHalfMaximum(FWHM)
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Figure 2.2: A schematic representation of the TRMOKE setup showing the laser,
Groups Velocity Dispersion compensation line (GVD), beam splitter (BS), pump and
probe beam, delay-line 1 and 2, chopperwheel (chopper), polarizers (P1 andP2), photo-
elastic modulator (PEM), high aperture laser objective (L), ferromagnetic sample (FM
sample), electromagnet and the detector. Reprinted from Ref. 45.

with a repetition rate of 80MHz.�e maximum output power is 800 mW, or 10
nJ per pulse. Typically 1 nJ per pulse is used for the excitation.�e wavelength
is centered around 790 nm.

�e pulses produced by the laser can optionally be guided through a Group
Velocity Dispersion (GVD) compensation line, which consists of two prisms.
Due to the frequency dependent nature of the interactions of light with optical
components in the setup, the laser pulses are broadened in time, or dispersed,
upon reaching the ferromagnetic sample. �e dispersion of the pulse is coun-
teracted by the frequency dependent path of the compensation line. To com-
pensate for the right amount of GVD we followed the procedures as described
by Diels and Rudolph. [47] We thereby achieved that the pulse length is 70 fs
FWHM at the position of the ferromagnetic sample.
A�er the GVD, the laser beam is guided to a beam splitter, which transmits

about 95% of the total incident laser beam. �is strong laser beam is used to
optically excite the ferromagnetic sample. Hence, it is called the pump beam.
�e other 5% is re�ected and is called the probe beam, as it is used to measure
the magnetization using the Kerr e�ect.�e pump and probe pulses created by
the beam splitter are thus identical, except for their intensity.

�e probe beam is de�ected towards a delay-line. By changing the optical
path, this delay-line alters the time of arrival of an individual probe pulse on the
sample relatively to the corresponding pump pulse. �e delay-line consists of
a retrore�ector on a translation stage.�is re�ector has three mirroring facets
orthogonally arranged, in such a way that they form the inner corner of a cube.
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Due to this arrangement, the incoming beam is re�ected in the exact opposite
direction as the incident direction of the beam. Yet, the outgoing beam is shi�ed
over a small distance perpendicular to its incident direction.

�e translation stage is used to control the position of the retrore�ector
parallel to the incident probe beam and can thus change the optical path of
the probe beam relative to the pump beam. �e stage has a range of 306 mm
combined with an accuracy of 0.5 µm. �ese numbers correspond to a total
delay time of 2 ns and a resolution of 3.3 fs. We have to make sure, however,
that the translation stagemoves exactly parallel to the direction of the incoming
beam. If there is a misalignment between them, the path of the outgoing is
dependent on the position of the translation stage inducing a systematic error
in the experiments.

�e probe beam then passes through a polarizer and a photo-elastic modu-
lator (PEM).�e PEMconsists of a birefringent crystal that is periodically com-
pressed in one dimension by a piezo-electric crystal.�is compression slightly
changes the optical path for one polarization component. Hence, it introduces a
periodical phase di�erence (retardation) between the polarization components.
We eventually use this modulation in retardation to detect the Kerr rotation or
ellipticity as will be discussed in section 2.2.

�e pump beam is also guided towards a delay-line. However, this one has
a smaller range of 100 mm (∼ 660 ps) and an increased resolution 0.025 µm
(∼ 0.1 fs). �is is the delay-line we use for measuring ultrafast, i.e. sub-ps, de-
magnetization dynamics. �e other delay-line is used when we want to mea-
sure relatively slow magnetization dynamics ranging between 100 and 1000 ps.
Subsequently, the probe beam is chopped by a chopper wheel.�is chopper is
eventually used to increase the signal-to-ratio by means of a lock-in ampli�er.
At the end of the setup, both the pump and probe beam are focussed onto

the same spot on the sample using a high aperture laser objective (HALO) with
a numerical aperture (NA) of 0.38, a diameter of approximately 2 cm and a focal
distance of 30 mm.�e spot size of both the pump and probe beam is approx-
imately 8 µm in diameter (FWHM). To separate the two incident beams from
the two re�ected beams, we divide the objective into four quadrants as shown
in Fig. 2.3. �e upper two quadrants are used for the incident beams, whereas
the outgoing beams pass through the lower two quadrants. We eventually block
the re�ected pump beam and guide the re�ected probe beam via a second po-
larizer to a photosensitive diode serving as detector as shown in Fig. 2.2. �e
polarization axis of this second polarizer can be rotated freely and is referred to
as analyzer.
Finally, a constant and largely in-plane magnetic �eld can be applied for

instance to manipulate the magnetization direction. �e maximum strength
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Puin Prin

PurefPrref

S

objective

FM sample

Figure 2.3: A schematic representation of the high aperture laser objective (HALO)
divided into four quadrants.�e upper two quadrants are used for the incident pump
(Puin) and probe (Prin) beam. �ey are focussed onto the same spot (S) on the ferro-
magnetic sample underneath the center of the objective. �e pump (Puref) and probe
(Prref) beam, which are re�ected from the ferromagnetic sample, pass through the ob-
jective via the lower two quadrants. Reprinted from Ref. 45
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Figure 2.4: Characterization of the x-component of the magnetic �eld.�e magnetic
�eld is measured using a Hall probe for variable x- and y-positions and normalized to
the magnitude in the origin being 0.31 mT.�e �eld is cylindrically symmetric around
the x-axis.�e place of the origin and the x- and y-direction with respect to the poles
of the electromagnet (P) are shown in the lower right corner. Reprinted from Ref. 45.
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of this applied �eld is typically 0.4 T depending on the mutual distance be-
tween the facing edges of the cone-shaped poles.�e magnetic �eld created by
the electromagnet is cylindrically symmetric around the x-axis and shown in
Fig. 2.4. It displays the x-component of the magnetic �eld, as measured by a
Hall probe, normalized to the strength in the origin of 0.31 T.�e diameters of
the facing edges of the poles is 12 mm and the mutual distance is also approx-
imately 12 mm. From Fig. 2.4, we see that the �eld is rather homogeneous in
the middle between the poles (−0.5 ≤ x ≤ 0.5 mm). Nevertheless, the �eld has
already dropped over 10 %, whenmoving radially outward up to y = 6mm.�e
magnetic �eld can be turned by typically 15○ in the out-of-plane direction.�e
angle can not be increased any further as one of the poles will touch the HALO
as already schematically shown in Fig. 2.2. Optionally, one of the poles can be
substituted by a hollow pole, which can be moved over the objective.�is way
we can apply an out-of-plane magnetic �eld.

Detection of the Kerr effect

In section 2.1, we explained what the magneto-optic Kerr e�ect is and in sec-
tion 2.2 we had a closer look at the setup used for studying the magnetization
dynamics of a ferromagnetic sample. Next, we will discuss how we can extract
the Kerr ellipticity and rotation from the detector signal by examining the in-
�uence of the optical components in the setup, such as polarizers and the PEM,
on the probe pulse. Finally, we will discuss our double modulation scheme to
eliminate dri� from our signal.

�e key elements for measuring the Kerr e�ect are the two polarizers and
the PEM. Using the Jones formalism, [48] we can describe the retardation in-
duced by the PEM by the matrix

MPEM = ( 1 0
0 e iA cos(ωt) ) , (2.6)

with ω the modulation frequency (50 kHz in our case) and A the maximum
retardation. �e polarizer in front of the PEM makes an angle of 45○ with the
direction of compression of the PEM. Hence, the laser beam entering the PEM

is represented by the Jones vector 1√
2
( 11 ). If we set A to π

2 , the outgoing

laser beam of the PEM becomes 1√
2
( 1

e i
π
2 cos(ωt) ).�e PEM, thus, introduces

a modulation to the incoming beam between a le�- and righthanded circular
polarization.
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Subsequently, the probe beam is focussed onto and re�ected from the fer-
romagnetic sample. Similarly to the PEM, the in�uence of the re�ection on the
polarization of the light can be described by a Jones-matrix.�is matrix reads

MFM = rs (
1 −ψ
ψ rp/rs

) , (2.7)

with rs and rp the complex re�ection coe�cient for s- and p-polarized light.�e
o�-diagonal components quantify the magnetic character of the ferromagnetic
sample via the complex Kerr rotation as de�ned in Eqn. (2.4).
Finally, the probe pulses are guided to the detector a�er passing through

the analyzer, which makes an angle ϕ with the polarization axis of the incident
light. Whenwe now calculate the voltageV produced by the detector, we obtain
the expression [49]

V ≃α∣E∣2

4
(∣rs∣2 + ∣rp∣

2)×

[1 + 2ψe sin (Acos (ωt)) + sin 2 (ψr + ϕ) cos (Acos (ωt))],
(2.8)

where ∣E∣2 is equal to the light intensity incident on the detector, α the detec-
tor’s sensitivity to the incident light and ψr and ψe again the Kerr rotation and
ellipticity, respectively.
We can simplify Eqn. (2.8) by expanding the sin- and cos (Acos (ωt))-term

into harmonic series of ωt using Bessel functions. Furthermore, we approxi-
mate sin 2 (ψr + ϕ) ≃ 2 (ψr + ϕ), becauseψr ≪ 1 and ϕ can be limited by setting
the analyzer appropriately. We then obtain

V = V0 + V1f + V2f, (2.9a)

with

V0 =
αE2

4
(∣rs∣2 + ∣rp∣

2) ; (2.9b)

V1f = 4V0J1(A)ψe cos (ωt) ; (2.9c)
V2f = 4V0J2(A) (ψr + ϕ) cos (2ωt) , (2.9d)

where Jn indicates the n-order Bessel function. Hence, we see that V1f and V2f
are directly related with the Kerr e�ect.
In principle, we can now measure either the Kerr ellipticity ψe or rotation

ψr exploiting the PEM-modulation. For increased sensitivity, however, we use a
doublemodulation technique.�e latter is possible, owing to the chopperwheel
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Figure 2.5: Schematic representation of the double modulation technique. It shows
the output signals of the detector, lock-in 1 and lock-in 2. �e high frequency PEM-
modulation is �ltered from the detector signal by lock-in 1. �e output signal from
lock-in 1 is used as input for lock-in 2, which is referenced by the 60 Hz chopper wheel
frequency.�e output of lock-in 2 is a measure for the pump-induced change in mag-
netization.

in the path of the pump beam. Figure 2.5 schematically shows the detector
signal (labeled detector) at �xed delay time between the pump and the probe
pulse. �e fast oscillation in the signal is induced by the PEM operating at 50
kHz. �e slower modulation is caused by the 60 Hz frequency of the chopper
wheel. We �lter the fast oscillation out of the detector signal with a lock-in
ampli�er by referencing it with the PEM. By either selecting the �rst or second
harmonic on this lock-in, we are sensitive to ψe or ψr. �e output signal of
this �rst lock-in (labeled lock-in 1 in Fig. 2.5) still contains the slower chopper
wheel frequency.�e amplitude of this signal represents the di�erence in Kerr
signal between pumping and not pumping the ferromagnetic material and is
thus the quantity we want to measure. �e output signal of lock-in 1 is used
as input signal for lock-in 2, which is referenced with the chopper wheel. �e
output signal of lock-in 2 (labeled lock-in 2) is ideally constant and its value is
related to the change in magnetization caused by the pump pulse. Due to this
second lock-in ampli�er, the sensitivity is improved signi�cantly. But also dri�
induced by optical components or misalignments of the delay-line is e�ectively
eliminated from the detector signal.
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2.3 Analysis of the measured data
To get acquainted with the kind of measurements we present in this thesis, we
discuss the full analysis of a singlemeasurement series.�e ferromagnetic sam-
ple serving as example here is grown by dc magnetron sputtering at room tem-
perature on a sapphire substrate. Its layout is Pt5/Co0.6/Au2.6/Co3/Au4 (units
in nm). In this con�guration, the ferromagnetic bottom Co layer of 0.6 nm
is out-of-plane magnetized, whereas the top 3 nm Co layer is in-plane. Simi-
lar samples will extensively be studied in Chapter 6. Since their magnetization
traces are very useful for showing the di�erent kind ofmagnetization dynamics,
we already show a typical result in this section. As we are using a polar MOKE
setup, we expect in �rst instance to be mainly sensitive to the bottom Co layer.

Measuring procedure

For determining the magnetization dynamics of this ferromagnetic sample by
polar MOKE, two individual measurements are needed. Both measurements
are identical except for themagnetization direction of the out-of-planeCo layer,
which is switched from one direction to the other between the two measure-
ments. Furthermore the Kerr rotation is measured as a function of the delay
time starting at -1 ps and ending at +800 ps. �e minus sign means that the
probe pulse arrives at the sample before the matching pump pulse does. We
measure the Kerr rotation, because the change in the Kerr rotation is simply
larger than the change in ellipticity for these Co based samples. Hence, the
�rst lock-in ampli�er is locked to the second harmonic of the reference signal
coming from the PEM, i.e. 100 kHz.�e �eld was applied along the in-plane di-
rection, having a magnitude of about 40 mT.�e analyzer is tuned as such that
the magnitude of the L1-signal for both measurements is as equal as possible,
but their signs di�er.

Extracting magnetization dynamics from the signal

During every measurement, the delay time, the dc signal of the detector and
the output signal of both lock-in ampli�ers L1 and L2 are recorded by a com-
puter. We do not regard the dc signal of the detector as it does not o�er us any
information about the Kerr rotation or ellipticity.�e L1-signal of the twomea-
surements are plotted as a function of the delay time in the Fig. 2.6(a) and (b).
As already anticipated in section 2.2, the L1-signal is very noisy and some dri�
is observed.
Due to the dri� and the noise, the magnetization dynamics can only be

poorly resolved. L1 seems to show a very rapid demagnetization of the sample
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Figure 2.6: (a) and (b) L1 as a function of the delay time for two di�erent magnetiza-
tion direction of the perpendicularly magnetized bottom Co layer under in�uence an
applied magnetic �eld of 40 mT in the in-plane direction.�e signal is proportional to
the change in themagnetization. (c) and (d) L2 as a function of the delay time obtained
throughout measuring (a) and (b).�e signal-to-noise ratio is increased tremendously
and a precessional motion of the magnetization becomes visible. (e) shows the rela-
tive change in the perpendicular component of the magnetization normalized to the
perpendicular magnetization component before the pump pulse hit the ferromagnetic
sample. It is reconstructed from (a)-(d) and parameterized by two phenomenological
formulae.
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originating from the bottom Co layer a�er a pump pulse hits the surface.�is
demagnetization is followed by a much slower recovery of the magnetization.
To emphasize the di�erence between the velocity of the demagnetization and
its recovery, the delay time is plotted on two time scales separated by a break at
5 ps. Also, in both measurements some sort of spike around t = 0 in the data is
apparent. We attribute this non-magnetic artifact to coherence e�ects between
the pump and probe beam, such as degenerate four-wave mixing. Except for
this artefact, we see in Fig. 2.6(a) and (b) that the L1-signals are inverted when
the magnetization direction of the out-of-plane layer is switched, which is what
we would expect from a polar MOKE measurement.
To eliminate the dri� and increase the singal-to-noise ratio, we need to con-

sider the output signal of L2. In Fig. 2.6(c) and (d), L2 is shown for both mea-
surements.�e signal-to-noise ratio is enormously increased and now an oscil-
latory motion on a longer timescale becomes visible. Once again the signals in
(c) and (d) have opposite polarity due to the inverted magnetization direction
of the bottom Co layer.
We use the anti-symmetric character of the magnetization dynamics as dis-

played in Fig. 2.6(c) and (d) by subtracting the L2-signals from each other.�is
way we �lter the non-magnetic contributions out of the signal and using the L1-
signal, we can quantify the quenching of the magnetization relative to the satu-
ration magnetization.�e result of these last operations is shown in Fig. 2.6(e)
and pictures the genuine magnetic response of the ferromagnetic sample to an
intense laser pulse.
When examining themagnetization trace in Fig. 2.6(e) from a physical per-

spective, we can divide it into four parts. In part I of the �gure, the probe pulse
arrives well before the pump pulse and the magnetization is unchanged.�en,
an ultrafast demagnetization of the bottom Co layer is observed (part II).�e
time constant associated with this process is typically of the order of 0.1 ps. At
maximum demagnetization, the layer is demagnetized by about 6 %. Part III
shows the quick partial recovery of the magnetization, i.e. remagnetization.
�is process is generally slower than the demagnetization and the time con-
stant in this case is around 0.5 ps. In the last part (IV) of the �gure, we see an
oscillation. It is caused by the in-plane Co layer, which is precessing around the
externally applied �eld a�er it was knocked out of its equilibrium direction by
spins transferred from the bottom to the top Co layer.�e latter phenomenon
will extensively be discussed in Chapter 6.

Parametrization of magnetization dynamics

�e solid and dashed line in Fig. 2.6(e) represent �ts of the data with two phe-
nomenological formulae. �ese �ts are used to parameterize the measured



22 Chapter 2

curves. We start with the parametrization of de- and remagnetization dynam-
ics in the le� part of the graph before the break, i.e. part I-III.�e equation we
use was introduced by Dalla Longa. [50] It is derived from the ordinary�ree-
Temperature Model upon assuming relative small quenchings of the magneti-
zation and equals

∆Mz(t)
M0,z

=
⎡⎢⎢⎢⎢⎢⎣

⎛
⎜
⎝

A1√
t
t0 + 1

−
(A2τep − A1τM)e−

t
τM

τep − τM

−
τep(A1 − A2)e

− t
τep

τep − τM

⎞
⎟
⎠
Θ(t) + A3δ(t)

⎤⎥⎥⎥⎥⎥⎦
⊗ Γ(t),

(2.10)

with Θ(t) the step function, δ(t) the Dirac delta function and⊗ a convolution
with a Gaussian pulse Γ(t) representing the pump and probe pulse.

�e �rst term handles the cooling of the ferromagnetic sample by di�u-
sion a�er equilibrium between the electron, phonon and spin system is re-
stored. �e value of ∆Mz/M0,z at that moment equals A1. �e 1/

√
t is typi-

cal for 1 dimensional heat di�usion in a single semi-in�nite system. It is as-
sumed that the cooling process is far slower than the de- and remagnetiza-
tion process, i.e. t0 ≫ τep, τM. A2 represents the initial electron tempera-
ture rise by the pump pulse.�e A3δ(t)-term represents the magnitude of the
so-called state �lling e�ects apparent in the measurement data during pump–
probe overlap. [50] Finally the most important variables are τM and τep describ-
ing the timescale of the demagnetization (typically ∼100 fs) and the electron–
phonon equilibration time (∼0.5 ps) respectively. �e �t yields A1 = −0.028,
A2 = −0.116, A3 = −0.002, t0 = 2ps, τM = 0.10 ps and τep = 0.40 ps. From these
numbers we conclude that the values τM and τep are in the expected range and
indeed an order of magnitude smaller than t0.�e magnitude of state �lling ef-
fects in our measurements is almost negligible judging by relatively small value
of A3 compared to A1 and A2
Although Eqn. (2.10) is only valid for analyzing demagnetization dynam-

ics induced by small laser �uences, we will use it for large quenchings of the
magnetization as well. �e reason is that Eqn. (2.10) opens the possibility to
deconvolute all demagnetization traces. �is way we can compare traces ob-
tained from di�erent setups.
Next we want to �t part IV of Fig. 2.6(e).�e feature of interest is normally

the oscillatory behavior. As stated earlier it is caused in this example by the fact
that the magnetization of the in-plane Co layer is excited out of its equilibrium
direction. Upon returning to its equilibrium direction, the magnetization per-
forms a damped precession governed by the Landau–Lifshitz–Gilbert (LLG)
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equation. [51] Because our TRMOKE setup is only sensitive to the change in the
z-component of the magnetization, we observe the precession as an oscillation
in the signal. For parameterizing this part of the magnetization dynamics, we
use the phenomenological formula as introduced by Jozsa [49]

∆Mz(t)
M0,z

= B1e
− t

tep + B2√
t + t2

+ B3e
− t

th + B4e
− t

td sin (ωt + ϕ0) , (2.11)

with B1, B2, B3 and B4 relative scaling factors for the four terms.
�e �rst term of Eqn. (2.11) describes the fast recovery of the magnetiza-

tion in the �rst picosecond a�er the maximum demagnetization. tep is there-
fore strongly related to τep as de�ned in Eqn. (2.10). However, in Eqn. (2.11)
the e�ective remagnetization is described only by tep, whereas in Eqn. (2.10)
τM and τep together determine the e�ective remagnetization. �e second and
third term describe the transfer of the heat from the ferromagnetic metal to the
substrate.�e 1√

t -term is comparable to the �rst term in Eqn. (2.10).�e third
term on the other hand is valid for the case that we need to consider two iso-
lated and separated systems with di�erent temperatures T1 and T2. When these
systems are connected to each other, the evolution of the di�erence in tempe-
rature ∆T can be approximated by an exponential process characterized by th,
which is assumed to bemuch larger than tep.�e sapphire substrate is expected
to behave as a combination of the two previously described extremes. In prin-
ciple the third term in Eqn. (2.11) could also be included in Eqn. (2.10), but due
to the short timescales involving the latter relative to th, it is not expected to
change the resulting �t by Eqn. (2.10) signi�cantly. Finally, the fourth term of
Eqn. (2.11) describes the precessional motion of the magnetization around its
equilibrium direction and is normally the main reason for performing this �t
procedure. Using Eqn. (2.11), we derive an angular velocity of the precession
ω = 0.0346 rad/ps and a damping time td = 500 ps. �ese are related to the
Gilbert damping constant α in the LLG. Also an o�set phase ϕ = −0.94 rad is
added, which in general correlates with the duration and shape of the �eld pulse
driving the magnetization out of its equilibrium direction.

2.4 Microscopic Three-Temperature Model
In this thesis we are mainly interested in the ultrafast magnetization dynamics,
i.e. the part le� of the break in Fig. 2.6(e). Although it can be properly parame-
terized by Eqn. (2.10), it does not give us any information about themicroscopic
processes responsible for the demagnetization. �erefore it can not help us to
reveal the in�uence of nonlocal e�ects on the demagnetization process.
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Figure 2.7: A schematic representation of Elliott–Yafet spin-�ip mechanism. (a)
Spin–orbit coupling causes the electronic states in a metal to be mixtures of spin-up
and -down states, which makes spin-�ip transitions by e–p scattering possible. (b)
Electron–phonon scattering with an Elliott-Yafet spin-�ip.

For addressing these questions, we analyze the experimentally obtained de-
magnetization traces in this thesis bymeans of theMicroscopic�ree-Tempera-
ture Model (M3TM). It is a microscopic extension of the�ree-Temperature
Model (3TM) as introduced by Beaurepaire [9]. Like the 3TM, the M3TM di-
vides the ferromagnet in an electron, a phonon and a spin subsystem. Although
the model is initially not intended to mimic the ferromagnet in great detail,
over the past few years it has been found to reproduce a whole diversity of ul-
trafast demagnetization experiments. [26,52,53] In comparison with the ordinary
3TM, the M3TM does not only describe the energy �ows among the three sub-
systems, but also takes the conservation of angular momentum explicitly into
account. It assumes that the energy of the laser pulse is fully absorbed by the
electrons and that the subsequent demagnetization is microscopically driven
by electron–phonon (e–p) scattering. A�er such an e–p scattering event, en-
ergy is exchanged among the three subsystems, but also angular momentum is
transferred between the spin and phonon system via an Elliott–Yafet spin-�ip
mechanism with a probability asf, [54,55] which is discussed in more detail in the
next paragraph. Furthermore the assumption is made that the subsystems re-
main constantly in internal equilibrium. In other words, the energy transport
among the subsystems is much slower than the internal equilibration.�is as-
sumptionmight be questionable. So far, however, there is no evidence obtained
from experiments refuting this assumption.

�e Elliott–Yafet spin-�ip mechanism is schematically drawn in Fig. 2.7. It
is induced by spin–orbit coupling in metals.�e electronic states in these ma-
terials are mixtures of a dominant spin-up (down) and a small spin-down (up)
contribution. Due to this spin mixing, according to Elliott and Yafet, scatter-
ing of electrons can result in a spin �ip. �e electron in a mainly spin up state
ψk,↑ has a large probability to scatter to another mainly spin-up state, but due to
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spin–orbit coupling there is also a small probability of asf to scatter to a mainly
spin-down state ψk’,↓ via a spin-�ip event.
In the remainder of this section, we will take a closer look to the electron,

phonon and spin systems. We examine their interactions in order to derive a set
of three coupled di�erential equations for describing the evolution of the three
subsystems a�er being brought out of mutual equilibrium.

Electron system

�e model describes the electrons as being a non-interacting fermion gas with
a constant density of states (DOS) around the Fermi-level, i.e. ge(Ee) = DF. In
this expression Ee is electron energy andDF is amaterial speci�c parameter that
can be obtained from the literature. Furthermore no details on the material’s
band structure are taken into account.�e occupation of the DOS are governed
by Fermi–Dirac statistics

fe(Ee) =
1

1 + exp ( Ee
kBTe )

, (2.12)

with Te the electron temperature and kB Boltzmann’s constant. �e total ther-
mal electron excess energy χe, i.e. the energy added to the electron system rel-
ative to the electron energy at T = 0, can now be calculated by integrating over
all thermally excited states resulting in

χe = 2∫
∞

0
Ee fe(Ee)ge(Ee)dEe;

= 1
6

π2DFk2BT
2
e . (2.13)

To eventually determine the heat capacity of the electron system (ce), the ex-
pression for χe simply needs to be di�erentiated with respect to Te.�is results
in the well known linear dependence

ce =
∂
∂Te

χe(Te) = γTe, (2.14)

with γ = 1
3π
2DFk2BTe in this case for an constant DOS around the Fermi-level.

So the electron system is characterized in the M3TM by a single microscopic
material parameter DF.
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Phonon system

As basis for the description of the phonon system, the Debye model is used. It
assumes a linear dispersion relation up to a cut-o� energy ED = kBTD according
to

Eq = { ħvsq q < ED/ħvs,
0 q > ED/ħvs,

(2.15)

with q the wave vector, or phonon, vs the velocity of sound in the material, ED
and TD the Debye energy and temperature, respectively.�e density of phonon
modes per atom (gp) scaleswith the square of the phonon energy (Ep). Because
the total amount of modes per atom corresponds to the amount of polarization
states (Dp), we determine that

gp(Ep) =
3DpE2p
k3BT3D

. (2.16)

Bose–Einstein statistics govern the occupation of these modes

fp(Ep) =
1

exp ( Ep
kBTp ) − 1

, (2.17)

with Ep and Tp the phonon energy and temperature, respectively. Analogously
to the electron system, the total internal phonon energy (χp) can be determined
by integrating over all phonons present.�e phonon heat capacity (cp) is then
determined by a partial di�erentiation with respect to Tp. Although cp can not
be determined analytically, it can be approached in the limit Tp ≫ TD by

cp = kBDp. (2.18)

Hence, the phonon system is characterized by two material parameters being
Dp and TD.

Spin system

For a description of the spin system theWeiss model is used. Here we consider
the speci�c case for spin S = 1/2, but the model can be extended to a system
with spin quantum number S exhibiting 2S + 1 discrete levels. [53] �e Weiss
model considers NDs local non-interacting spins that occupy two discrete en-
ergy levels obeying Boltzmann statistics, with N the number of atoms in the
lattice and Ds the average spin density. �e exchange interaction is incorpo-
rated as an e�ective mean �eld that is proportional to the magnetization. �e
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splitting between the energy levels for the up and down state is in the Weiss
model for S = 1/2

∆ex = 2kBTCm, (2.19)

with TC the Curie temperature andm = M/Msat the magnetization normalized
to its saturation value, which is via Boltzmann statistics in general de�ned as

m =
1
S ∑

+ms
−ms ms exp (−

ms∆ex
kBTs )

∑+ms−ms exp (−
ms∆ex
kBTs )

, (2.20)

with in our case quantumnumberms = (−1/2, 1/2) andTs the spin temperature.
For determining the magnetization as a function of temperature, one has to
substitute Eqn. (2.19) into Eqn. (2.20). �is is not analytically solvable, but in
our particular case of S = 1/2, Eqn. (2.20) simpli�es to the well known relation
of

m = tanh(mTC
Ts

) . (2.21)

�e total thermal energy in the spin system scales with the square of the mag-
netization and equals [56]

χs =
1
2
kBTCDs (1 −m2) . (2.22)

Once more from χs the spin heat capacity is calculated by the partial di�eren-
tiation with respect to Ts:

cs = −kBTCm
∂m
∂Ts
. (2.23)

So in the spin S = 1/2 system we have TC and Ds as characterizing parame-
ters.�ese can be determined by evaluating the spin speci�c heat as shown by
Hofmann. [57]

Interactions

Now all three the subsystems are described, we can obtain the set of three cou-
pled di�erential equations of theM3TM. Sincewe are largely users of themodel,
we only brie�y discuss the fundamental basis, themain assumptions and results.
For a more detailed derivation, we refer to the original paper. [26] As stated ear-
lier in this thesis, we consider a situation in which the electron system is sig-
ni�cantly heated in a short time. Its excess energy �ows to the other colder
systems. Although the system might be excited to a highly non-equilibrium
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state, the individual subsystems remain in equilibrium. Hence we assume that
electron–electron and phonon–phonon scattering are in�nitely fast.�erefore
the remaining relevant microscopic process is the scattering of electrons and
phonons. Now the major assumptions are made that the presence of the spin
system does not in�uence the e–p scattering rates and that the spin speci�c heat
is negligible. Hence, energy is only exchanged between the electron and phonon
system.�e Hamiltonian for this process without a spin-�ip is

Hep =
λep
N ∑k

∑
k′

NDp
∑
q

c†k′ck (a
†
q + aq) , (2.24)

in which λep is the e–p coupling constant. It describes an electron in the state
k scattering into the state k′ upon emitting (a†q) or absorbing (aq) a photon.
In the limit Te, Tp ≫ TD a simpli�ed expression for the electron and phonon
system can be evaluated by applying Fermi’s Golden Rule and becomes

dEe
dt

= −gep (Te − Tp) , (2.25)

with the coupling constant gep = 3πD2FDpk2BTDλ2ep/ (2ħ).�is leads to the �rst
two coupled di�erential equations by including the heat capacities of the elec-
tron and phonon systems

ce(Te)
dTe
dt

= −gep (Te − Tp) , (2.26)

cp
dTp
dt

= gep (Te − Tp) , (2.27)

with ce and cp as de�ned in Eqns. (2.14) and (2.18) respectively.
Finally for the magnetization dynamics, we need to consider e–p scatter-

ing including the �nite chance asf that is by a spin-�ip. �e Hamiltonian then
becomes

Heps =
√

asf
Ds

λep
N
3
2
∑
k
∑
k′

NDp
∑
q

Ns

∑
j
c†k′ck (a

†
q + aq) (s j,+s j,−) , (2.28)

with the same de�nitions as in Eqn. (2.24) and s j,+ (s j,−) is a raising (lowering)
operator of spin j. Once again taking the limit Te, Tp ≫ TD, we can evaluate
via Fermi’s Golden rule the relation between Te, Tp and m (for details we refer
to Dalla Longa [58])

dm
dt

= R
Tp
TC

m [1 −m coth(mTC
Te

)] , (2.29)
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in which R = 8asfT2Cgep/ (kBT2DDs).
Equations (2.26), (2.27) and (2.29) form a set of coupled di�erential equa-

tions. However, due to the assumptions that the spin system does not in�uence
the e–p scattering rates and the spin heat capacity is assumed negligible com-
pared to that of the electron and phonon system, the dynamics of electron and
phonon system can be solved independently of the spin system. �e resulting
electron and phonon temperature transients are then used as input for solving
Eqn. (2.29). As to the spin dynamics, we observe that the demagnetization rate
is largely determined by R being proportional to asf/Ds. In other words, it states
that an increase of asf leads to an increase of the amount of spin-�ips per unit
time. But it also means that a larger magnetic moment per atom slows down
the magnetization dynamics.
In practice, when Eqns. (2.26), (2.27) and (2.29) are used for simulating the

magnetization dynamics, an extra term Plaser will be added to Eqn. (2.26) on the
righthand side. It represents the energy of the laser pulse that is assumed to be
totally absorbed by the electron system and thereby initiate the ultrafast demag-
netization dynamics. When the M3TM is used to reproduce experimentally
obtained demagnetization curves, Plaser has a Gaussian shape with the same
duration as the pump pulse. Additionally the resulting demagnetization trace
as determined by Eqn. (2.29) is convoluted with a Gaussian pulse as a result of
the �nite length of the probe pulse.
Figure 2.8(a) and (b) shows a characteristic result of simulating a Co based

sample by means of Eqns. (2.26), (2.27) and (2.29). To start the simulation and
for the convolution of the resulting traces, a similar Gaussian shaped Plaser of 60
fs FWHM is used. All traces in Fig. 2.8(a) and (b) are produced by an identical
set of material parameters for Co except for the spin-�ip parameter asf. �is
parameter is varied between 0.02 and 0.22 in accordance with values as previ-
ously reported [26,52] to obtain the di�erent magnetization traces as displayed
in Fig. 2.8(b).�e heating pulse causes a strong non-equilibrium situation, but
by e–p scattering events full equilibrium is regained within ∼ 1.5 ps. �e re-
sponse of the magnetic system depends strongly on the spin-�ip rate asf. Upon
increasing asf in Fig. 2.8(b), we observe both a faster quenching as well as partial
recovery of the magnetization.�ese are a direct consequence of the increased
value for the prefactor R in Eqn. (2.29). However, we also see that the maxi-
mum quenching becomes larger for larger asf.�is is due to the fact that for a
larger asf the maximum quenching is reached faster.�e electron temperature
as shown in Fig. 2.8(a) is then still relatively high and so is the spin temperature.
A high spin temperature leads directly to a smaller magnetization.
Finally, we stress that theM3TMas derived here can easily be adapted to suit

more complicated cases. For instance, for the analysis of demagnetization traces
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Figure 2.8: Typical (a) electron and phonon and (b) magnetization traces upon sim-
ulating a Co based sample. Among the magnetization traces, asf is varied. �e rest of
the material parameters are identical for all traces.

of Ni as a function of ambient temperature, Roth et al. [52] re�ned theM3TMby
dropping two important assumptions.�eir version of theM3TMwas not only
valid for the case that Te, Tp ≫ TD by implementing a full Debye model for the
phonon system, but they also included a �nite value for the spin speci�c heat.
Another example is found in the work of Schellekens and Koopmans. [53]�ey
extended the model to S = N/2, introduced more than one spin system, and
dropped the restriction that the spin systems are in internal equilibrium.�eir
model proved to be useful for describing the ultrafast magnetization dynamics
of both ferrimagnetic materials as well as ferromagnetically coupled systems.

�roughout this thesis, we use the basic version of the M3TM as described
by Eqns. (2.26), (2.27) and (2.29). However, because we are interested in nonlo-
cal e�ects, we add a nonhomogeneous absorption of the laser pulse and include
heat transport by heat di�usion to the here presented set of coupled di�erential
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equations, i.e. similar to the approach as taken in Ref. 26. �is approach is
described in more detail in Chapter 3.





3Nonlocal ultrafast
magnetization dynamics in
the high-fluence limit

In order to explain a number of recent experimental observations of laser-induced
femtosecond demagnetization in the large �uence limit, we discuss the conse-
quences of a recently proposed nonlocal approach. [26] A microscopic description
of spin-�ip scattering is implemented in an e�ective three-temperature model, in-
cluding electronic heat di�usion. E�ects of �nite �lm thickness on the demagneti-
zation transients are discussed. Our results show a clear saturation of the ultrafast
demagnetization, in excellent agreement with experimental observations.∗

∗Published as: Nonlocal ultrafast magnetization dynamics in the high-�uence limit,
K. C. Kuiper, G.Malinowski, F. Dalla Longa, and B. Koopmans, J. Appl. Phys. 109, 07D316 (2011).
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3.1 Introduction
All-optical techniques exploiting femtosecond laser pulses have opened theway
towards the exploration of the ultimate limits ofmagnetization dynamics. It has
been shown possible to (partially) quench the magnetic ordering of ferromag-
netic thin �lms within a few hundred femtoseconds a�er laser excitation (see
e.g. Refs. 9,13,17,19, and further Refs. in 59). One of the outstanding issues is
the behavior under very intense laser pulses, raising the temperature to near or
above the Curie temperature (TC). Simple intuition predicts a rapid increase of
the demagnetization amplitude as a function of laser �uence while approaching
TC. In contrast, in experiments the maximum quenching of the magnetization
seems to level o� at values of around 90% of the saturation magnetization, [35]

and it has been speculated whether full demagnetization is possible at all with-
out changing the underlying mechanism. [60] In this paper we show that such
a behavior is a natural consequence of the �nite optical penetration depth (λ)
of the laser light used to investigate the dynamics, and can be quantitatively ac-
counted for by a nonlocal extension of the�ree-Temperature Model (3TM)–
the latter describing the ultrafast equilibration of the electron, spin and phonon
system.
Recently, we have proposed a model for laser induced demagnetization,

based on a �nite spin-�ip probability upon momentum scattering. [24] Exper-
imental support for such a scenario has been reported since. [25,26,35] In the pre-
sent work, we use the microscopic implementation of the 3TM (M3TM), while
implementing heat di�usion via conduction electrons to treat the nonhomoge-
neous case. [26] It will be shown that drastic e�ects arise even for metallic �lms
with a thickness of only 10–20 nm, i.e., for �lms with a thickness comparable to
the extinction depth of the laser light. For the well-studied case of Ni thin �lms,
both the measured demagnetization as a function of laser �uence, as well as the
‘saturating’ temporal magnetization pro�les can be quantitatively described for
realistic parameters. We will start by brie�y reviewing theM3TM.�en we will
show how it can be extended to treat the nonhomogeneous heating and large
�uence cases. Finally, we will present simulations for a number of exemplary
cases, and discuss their correspondence with recent experimental results in the
high �uence regime.

3.2 Theory
Within the 3TM [9] heat capacities and temperatures are assigned to the reser-
voirs of electron charge (e), spin (s) and phonon (p), (ce, Te), (cs, Ts), and (cp,
Tp), respectively. Furthermore, coupling constants are de�ned as ges, gsp, gep,
describing the rate of energy exchange between the systems. Here we make
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use of a recently introduced microscopic extension to the model that allows us
to better describe experiments in the large �uence limit, heating (almost) to
the Curie temperature, and in cases where �lms are not heated homogeneously
throughout. [26]

To include the case of nonhomogeneous heating, we restrict ourselves to
a one-dimensional model, explicitly making the three temperatures a function
of the z-coordinate only. [26] For the electron speci�c heat we make the usual
approximation: ce(Te) = γTe(z). We assume the heat di�usion to be domi-
nated by the electrons, and to be described by the heat conductivity κ. [61]�e
ferromagnetic �lm of thickness d is sandwiched between thermally insulating
media, e.g. vacuum or an oxidic substrate, such as Si/SiOx.�us we derive a set
of coupled di�erential equations for electron and phonon temperature:

ce(Te(z))
dTe(z)
dt

= ∇z(κ∇zTe(z)) + gep(Tp(z) − Te(z)),

cp
dTp(z)
dt

= gep(Te(z) − Tp(z)). (3.1)

We assume instantaneous heating of the electron system by the laser pulse
followed by in�nitely fast thermalization of the electron gas to a temperature
pro�le ∆Te(z, 0) = ∆Tpump exp(−z/λ)with λ the penetration depth of the laser.
For this approximation to hold, it is required that the energy is deposited rela-
tively locally.�is condition would not be ful�lled in, e.g., noble metals such as
silver and gold, which have a much longer hot electron scattering length. [62]

To describe the way the spin system adapts to the local electron and phonon
temperature, we rely on our microscopic model, M3TM, as introduced in Refs.
59 and 26.�ere, spin relaxation is mediated by Elliott–Yafet like processes, i.e.
spin-�ip scattering upon momentum scattering events with a probability asf.
We derived a compact di�erential equation that relates the (local) rate of spin
change to the (local) electron and phonon temperature. For temperatures near
or above the Debye temperature, this equation reads

dm(z)
dt

= Rm(z)
Tp(z)
TC

(1 −m(z) coth( mTC
Te(z)

)) , (3.2)

where m = M
Ms , the magnetization relative to the value at T = 0. �e prefactor

R can conveniently be written as R = (8asfgepkBT2CVatµB)/(µatE2D), [26] with
µat the atomic magnetic moment in units of Bohr magneton µB, Vat the atomic
volume, and ED is the Debye energy.�e temperature dependence of the mag-
netization is assumed according to theWeiss model. In the simulations, we just
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solve the three coupled di�erential equations (Eqns. (3.1) and (3.2)), a�er ap-
plying an initial (nonhomogeneous) perturbation to Te(z). We calculated the
total magneto-optical (MO) signal by

θ(t)∝ ∫ m(z, t) exp(− z
λ
)dz, (3.3)

i.e., again accounting for the �nite penetration depth.

3.3 Results
In the followingwewill discuss a number of elucidating examples for a thin �lm
of Ni, because it is by far the most studied elementary material in the �eld. Pa-
rameters used are γ = 5.435⋅103 J/(m3K2), cp = 2.33⋅106 J/(m3K), gep = 4.05⋅1018
J/(m3sK), and ED = 0.036 eV.�is set of parameters reproduces experimental
Te and Tp transients well. In particular it yields an electron–phonon energy
equilibration time τep ≈ 0.5 ps. Furthermore, κ = 90.7 J/smK, µat = 0.62µB,
TC = 627 K, λ = 15 nm, and we use a spin-�ip probability asf = 0.185 according
to previous results. [26] All calculations were done for an ambient temperature
T = 0.5TC ≈ 310 K.

Using themodel and parameters as previously discussed, we simulated tem-
perature pro�les and demagnetization traces for low and high �uences, as pre-
sented in Fig. 3.1(a) and (b) respectively. Simulations are performed for a 15
nm Ni �lm, i.e. to the penetration depth. In this case, we did not consider any
underlying layer and we will refer to this structure as the isolated layer. To em-
phasize the nonhomogeneous temperatures, we plotted curves representative
for 5 positions throughout the �lm.
In Fig. 3.1(a) we reproduce a transientMO signal typically observed experi-

mentally at low �uences: [17,19] A sharp drop in magnetization followed by a fast
recovery, proceeding almost completely within a 1−2 ps. Interestingly, the high
�uence case (Fig. 3.1(b)) yields a completely di�erent behavior. In particular,
the recovery is much slower, and the dip in the signal is now much less pro-
nounced compared to the �nal demagnetized state, again in agreement with
experiments. [35] We traced back this di�erent behavior to a superposition of
two e�ects: (i) near TC, the magnetization dynamics driven by the average ex-
change �eld slows down, and (ii) the temperature of deeper regions in the �lm
is recovering far less rapid, because of a continuing heat �ow from higher up
in the �lm. In passing, we note that a similar slowing down of magnetization
recovery when approaching TC has been predicted based on an atomistic LLG
and LLB approach. [63,64]
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Figure 3.1: Dependence of electron, phonon temperature, and magnetization
(M/Ms) as a function of delay time a�er pulsed laser heating at t = 0, and for �ve
depths in the thin isolated Ni �lm of 15 nm as indicated. z1 and z5 correspond to the 1st
and the 5th slab starting from the interface, respectively. �e thick solid curves show
transient magneto-optic signals, θ(t)/θS. Parameters are representative for Ni (see
text). (a) Low �uence , (b) large �uence.
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Figure 3.2: Maximum demagnetization (∆M/M0) versus laser �uence (de�ned in
terms of ∆Tpump, see text) for isolated Ni thin �lms of di�erent thicknesses. Filled
symbols: Optically thin �lm of 5 nm. Open symbols: Film of 30 nm, as used in Ref.
60.

�en, we investigated the maximum demagnetization de�ned as ∆M/M0,
where M0 is the saturation magnetization at T = 310 K, as a function of laser
�uence. For a very thin isolated Ni �lm with a thickness of 5 nm (Fig. 3.2, �lled
symbols), ∆M/M0 increases rapidly with increasing �uence, and the �lm is
completely demagnetized abruptly around ∆Tpump = 1.0TC. Such a behavior
can be well understood intuitively, because of the rapid decrease ofM near TC.
Repeating the calculation for identical parameters, but using a thickness of

30 nm (taken equal to the experiments in Ref. 60), yields a very contrasting
behavior. It now needs very high �uences to completely quench the magneti-
zation, i.e. ∆M/M0 = 1. E.g., the �uence needed to fully quench the magnetic
signal (∆Tpump ≈ 3.0TC) is approximately twice higher than the �uence atwhich
∆M/M0 reaches 80% (∆Tpump ≈ 1.5TC).
Such a saturation has been seen in experiments, and reported more o�en

over the past years. It was the basis of claims that full saturationmight be limited
by unknown bottlenecks, and that this "anomalous behavior" needs a speci�c
microscopic origin. [60] In contrast, our modeling shows that it is a natural con-
sequence of nonlocal e�ects accompanying the �nite penetration depth of the
light, which can intuitively be explained. Although a limited laser �uence is
needed to heat up the top part of the �lm to TC, it needs much more power to
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Figure 3.3: (a) Maximum demagnetization (∆M/M0) and (b) e�ective demagneti-
zation time (τ∗M) versus the sample thickness for two laser �uences (de�ned in terms
of ∆Tpump, see text) for isolated Ni thin �lm and a non isolated Ni �lm (conductive
structure, see text). Here, calculations were performed for an ambient temperature of
300 K.

drive the deepest region of the �lm above TC in cases of �lms that are much
thicker than the penetration depth.
In the preceding part of this paper, we have seen that extrinsic parame-

ters, such as �uence and sample thickness, can in�uence the demagnetization
process enormously. We now want to show that the demagnetization process,
largely characterized by ∆M/M0 and the e�ective demagnetization time (τ∗M),
is also strongly a�ected by the sample structure as it in�uences the heat dissipa-
tion. To support this statement, two di�erent sample structures were simulated.
�e �rst one corresponds to an isolated Ni layer as used above with variable
thickness d. �e second structure corresponds to a thin �lm with a constant
total thickness of 50 nm. However, this structure consists of two parts: the top
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part of the �lm with thickness d is Ni, and thus magnetic, in contrast to the
remaining 50 − d nm.�is part is a non-magnetic metal, for which we assume
the same thermal and optical parameters as Ni.�is structure is referred to as
the conductive structure.
In Fig. 3.3, the results of the simulations performed on the isolated layer and

conductive structure are shown for two di�erent �uences. In general, we see in
Fig. 3.3(a) that ∆M/M0 decreases for increasing thickness and in Fig. 3.3(b) that
τ∗M is larger for a larger �uence. [26]�ese observations are in line with Fig. 3.2
and 3.1, respectively. For a �lm thickness larger than the laser penetration depth
(15 nm) and equal �uence, both ∆M/M0 as well as τ∗M tend to the same constant
value for both structures.
Comparing the isolated and conductive structure with each other, we see

that for a structure thinner than the penetration depth, ∆M/M0 (Fig. 3.3(a))
is larger for the isolated layer compared to the conductive structure. �is can
be explained by a much slower heat dissipation in the isolated structure com-
pared to the conductive structure, since the temperature gradient and therefore
heat di�usion are faster in the z-direction.�e nonhomogeneous temperature
and heat di�usion in the isolated structure is also directly re�ected in the de-
magnetization time leading to a larger τ∗M (Fig. 3.3(b)). �e e�ect is obvious
for high laser �uence (∆Tpump = 1.0TC) for which a demagnetization time as
large as 240 fs is observed for a thickness of 5 nm and decreases down to 150 fs
for larger thicknesses.�e variation is much less pronounced in the case of the
conductive structure giving rise to a maximum demagnetization time of 165 fs
for a thickness of 5 nm, i.e. 30% smaller than for the isolated structure. Similar
trends, though less pronounced, are observed for lower laser �uence.

3.4 Conclusion
Summarizing, we implemented a nonlocal�ree-Temperature Model, using a
microscopic implementation of the demagnetization process, and allowing for
electronic heat conduction. Based on our explicit simulations for Ni thin �lms,
we conclude that no anomalous behavior occurs in the high �uence regime,
and results can be well described by existing theories once nonlocal e�ects are
properly included. Moreover, we have shown that the sample structure and its
thickness in�uence the observed demagnetization time.�e latter e�ect should
be carefully considered when comparing reported values for the demagnetiza-
tion time, based on experiments with a di�erent sample layout.



4Spin–orbit enhanced
demagnetization rate in
Co/Pt multilayers

To explore the role of enhanced spin–orbit interactions on the laser-induced ultra-
fast magnetization dynamics, we performed a comparative study on Co thin �lms
and Co/Pt multilayers. We show that the presence of the Co–Pt interfaces gives
rise to a threefold faster demagnetization upon femtosecond laser heating. Exper-
imental data for a wide range of laser �uences are analyzed using the Microscopic
�ree-Temperature Model. We �nd that the Elliott–Yafet spin-�ip scattering in
the multilayer structure is increased by at least a factor of four with respect to the
elementary Co �lm.∗

∗In preparation as: Spin–orbit enhanced demagnetization rate in Co/Pt multilayers,
K. C. Kuiper, T. Roth, A. J. Schellekens, G. Malinowski, O. Schmitt, S. Alebrand, B. Koopmans,
M. Chincetti, and M. Aeschlimann
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4.1 Introduction
Beaurepaire [9] showed in 1996 for the �rst time that the magnetization of a
ferromagnetic transition metal can be quenched within a few hundred fem-
toseconds (fs) by an intense fs laser pulse. Since these measurements, ultra-
fast laser induced magnetization dynamics has become a hot topic. �e in-
duced interest was not only caused by the new and exciting physics involving
the demagnetization process, but also the appealing possibility of increasing the
speed of the magnetization switching process from the sub-nano- to the fem-
tosecond time domain. [65] So far several models trying to unravel the processes
were introduced, yet the role of the individual subsystems (photons, electrons,
phonons and spins) in the ultrafast demagnetization process is heavily debated
on. A central question is to understand how the angular momentum of the
spin system is being transferred at a ∼100 fs timescale during the demagneti-
zation process. It is now widely believed that spin–orbit interactions play an
important role as con�rmed e.g. by recent X-ray Magnetic Circular Dichroism
(XMCD) [35,66]. �erefore, tuning these spin–orbit interactions could provide
an interesting route to tailor the magnetization dynamics to our own demands.

�e energy �ows among the electron, phonon and spin subsystem induced
by the intense laser pulse are qualitatively described by the phenomenologi-
cal�ree-Temperature Model (3TM). [9]�e demagnetization traces as exper-
imentally obtained are well reproduced by several recently proposed models
addressing in more detail the underlying mechanism of the demagnetization
process, such as the atomistic Landau–Lifshitz–Gilbert (LLG), [63] Landau–Lif-
shitz–Bloch (LLB) [67] and the Microscopic�ree-Temperature Model, i.e. the
so-called M3TM. [26]�e approach of the M3TM as compared to the atomistic
LLG and LLB model is completely di�erent. �e latter two treat angular mo-
mentum transfer phenomenologically, using a damping parameter to account
for the momentum transfer, whereas the M3TM is a microscopic model, treat-
ing individual scattering events quantum mechanically. It explicitly models
transfer of angular momentum between the electron, lattice and spin system
by means of an Elliott–Yafet type of spin scattering characterized by the spin-
�ip probability asf. We are aware of alternative explanations for demagnetiza-
tion via nonlocal mechanisms like the superdi�usive spin transport model as
introduced by Battiato. [39] However, to explain our experimental results a local
approach by the M3TM su�ces.
So far, it has been veri�ed that the M3TM can successfully reproduce the

demagnetization traces of well-studied ferromagnetic transition metals such
as Co and Ni [26,68] for realistic values of asf compared to ab-initio calcula-
tions. [26] Moreover, the relatively slow ‘two-step’ demagnetization process of,
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for instance, Gd has been identi�ed to rely on the exact same spin-�ip driv-
ing mechanism as Co and Ni, and is a natural consequence of the low Curie
temperature and large atomic magnetic moment. Roth et al. [52] con�rmed this
statement by showing that Ni can exhibit a two-step demagnetization process
by performing large laser �uence experiments at elevated environmental tem-
perature as predicted by theory. [26]

Although reaching their maximum quenching of the magnetization orders
of magnitudes faster than Gd and several other ferromagnetic metals, [69] all
the elementary 3d ferromagnetic transition metals seem to have a demagneti-
zation time of typically ∼ 70 − 100 fs in the low �uence limit. In this Chapter,
we examine the possibility to speed up this demagnetization process by manip-
ulating the spin–orbit interactions. To achieve this, we make use of the strong
spin–orbit coupling of Co at the interface of a Co/Pt multilayer �lm. Due to the
increased spin–orbit coupling we expect that Co/Pt has a decreased demagne-
tization time and increased asf compared to ordinary Co. Using a time resolved
magneto-optic Kerr e�ect (TRMOKE) setup, we performed demagnetization
measurements.�roughout the measurements, we varied the strength of the fs
laser pump pulse.�ese demagnetization traces are analyzed in the framework
of the M3TM to obtain asf of Co in this structure and the value is compared to
its intrinsic bulk value.

4.2 Theory
In recent work, [26] the M3TMwas introduced and discussed in detail. Here we
only recall its key features. �e simpli�ed model Hamiltonian of the M3TM
describes spinless free electrons (e), phonons according to the Einstein or Deb-
eye model (p) and spin excitations obeying the mean-�eldWeiss model (s). For
simplicity, the spin speci�c heat is set to zero and the electron gas is assumed
to thermalize in�nitely fast. For the electron speci�c heat ce we make the usual
linear approximation of ce(Te) = γeTe, with γe a material dependent parameter
and Te the electron temperature. Furthermore, the phonon speci�c heat cp is
proposed to be independent of the phonon temperature Tp. We also assume
that the heat di�usion is dominated by the electrons and described by the heat
conductivity κ. Realizing that the investigated layers are much thinner than
the probed region is wide, it is justi�ed to limit the model to one dimensional
only, i.e. the z-coordinate relative to the surface of ferromagnet. As a result we
can derive a set of coupled di�erential equations for the electron and phonon
temperature: [26]
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ce(Te(z))
dTe(z)
dt

= ∇z(κ∇zTe(z)) + gep(Tp(z) − Te(z))

+Plaser(z, t);

cp
dTp(z)
dt

= gep(Te(z) − Tp(z)); (4.1)

dm(z)
dt

= Rm(z)
Tp(z)
TC

[1 −m(z) coth( mTC
Te(z)

)] ,

in which gep represents the coupling constant between the electron and phonon
subsystem, m = M

Ms the magnetization relative to the saturation value at T = 0
(Ms) and TC the Curie temperature of the ferromagnet.�e prefactor R is a rate
(dimension s−1) and equals R = (8asfT2Cgep)/(kBT2DDs), [26] with TD the Debye
temperature and Ds the atomic magnetic moment divided by µB. Furthermore,
we use the expression for gep = (3πD2FDpk2BTDλ2ep)/(2ħ), with DF the density
of states around the Fermi-level, Dp the amount of possible polarization states
and λep the electron–phonon coupling constant. [52] Finally, the �uence of the
laser pump pulse is included in the model under the assumption that it is fully
absorbed by the electron system. To satisfy the �nite penetration depth and
the Gaussian time-pro�le of the laser pulse as well, the source term Plaser in the
expression for the electron temperature is written as

Plaser(z, t) =
P0

σ
√

π
exp(− z

λ
− t2

σ2
) , (4.2)

in which P0 is the total �uence of the laser pulse, λ the penetration depth and
σ describes the laser pulse length.

4.3 Experimental details
�e Co/Pt multilayer was fabricated by DC magnetron sputtering on a boron
doped Si substrate with native oxide on top. Its exact layout is Pt5/(Co0.5/-
Pt0.6)11×/Pt1.4 (units in nm). Two series of TRMOKE measurements were car-
ried out on this sample. �e �rst series is optimized for high �uences of the
laser pump pulse and thereby large quenchings of themagnetization.�e wave-
length of the pump pulse is centered around 800 nm, whereas the probe pulse
has a central wavelength of 400 nm. Furthermore, the repetition rate of the
laser pulses is 1 kHz, the pulse length is characterized by σ = 35 fs and the spot-
size of laser pulse on the sample is typically 3 mm for the pump and 0.2 mm
for the probe pulse. In the second series the �uence of the laser pump pulse is
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considerably lower than the �rst series. �e wavelength of both the pump as
well as the probe pulse is centered around 790 nm with a pulse length charac-
terized by σ = 45 fs and a repetition rate of 80 MHz. In the high �uence series,
the laser �uence was varied by changing the power of the pump pulse itself.
In order to change the �uence in the low �uence series, however, the power of
the pump pulse was kept constant, but the spotsize was decreased from 8 to 4
µm by substituting the laser objective. TRMOKE data of an ordinary 15 nm Co
�lm dc-sputtered on a MgO substrate is used as reference. �is data has been
published before. [26]

4.4 Results
Figure 4.1(a) and (b) show the results of the high and low �uence TRMOKE
measurements carried out on the Co/Pt multilayer, respectively, displaying the
magnetization M(t) normalized to the magnetization at the temperature just
before the pump pulse excitationM0. In Fig. 4.1(c) the TRMOKE data from the
Co �lm is presented for comparison. �e shape of all the TRMOKE curves in
the �gure is characteristic for ferromagnetic transition metals: �rst an ultrafast
(fs) quenching of themagnetization, or demagnetization, appears directly from
the moment the pump pulse arrives, followed by a slower (ps) remagnetization
process. Furthermore, the maximum demagnetization de�ned as ∆Mmax/M0
increases for larger �uences, and its position shi�s to larger delay times. How-
ever, we can also directly observe a clear di�erence between the data from the
Co/Pt multilayer and Co sample: the time needed to reach the maximum de-
magnetization for the Co/Pt multilayer is signi�cantly shorter than for the Co
sample with the same maximum quenching.
To quantify this observation, we extract a value of the demagnetization time

for each magnetization trace in Fig. 4.1, using the low �uence limit approach
of Dalla Longa [50] to parameterize the traces. Our procedure yields the ex-
perimental decay time τ∗M de�ned as the time needed for the magnetization to
reach a level of (1 − e−1) of its maximum demagnetization corrected for the �-
nite pulse length of the laser.�e individual data points in Fig. 4.2 represent the
experimental values of τ∗M. From the �gure it becomes clear that τ∗M for Co/Pt is
generally about 2−3 times smaller, e.g. for ∆Mmax/M0 = 0.5 we determined τ∗M
to be about 240 fs for Co and only 90 fs for Co/Pt. Furthermore τ∗M generally
increases for increasing �uence for both samples.
As we want to extract microscopical information from the data in Fig. 4.1,

we set up a simulation based on the M3TM characterized by Eqn. (4.1) for both
the Co/Pt as well as the ordinary Co �lm. �e key materials in these simula-
tions are the pseudo-material ‘Co/Pt’ for the Co/Pt multilayer and Co for the
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Figure 4.1: Demagnetization traces of the Co/Pt multilayer �lm for (a) high and (b)
low laser �uence (see text) obtained by TRMOKE measurements. �e magnetization
is normalized to its value at room temperature (M0). A limited amount of demagne-
tization curves are shown in (a) to keep the overview clear, yet the full range of pump
power is covered. �e demagnetization traces of the reference Co sample is shown in
(c) (data taken from Ref. 26).�e solid lines represent the results of global M3TM �t-
ting routines.�e numbers on the right correspond the pump power used to excite the
sample.�e two di�erent traces for a pump power of 190 mW originate from di�erent
sets of measurements and can be explained by a change in pump-probe overlap.
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Figure 4.2: �e experimental demagnetization times determined from the individual
traces of Fig. 4.1 using a low �uence limit approach. �e dashed lines represent the
results of simulations based on the M3TM.

reference �lm. Co and Pt are thus put together and simulated as being one ma-
terial. As a starting point for the material properties of the ‘Co/Pt’ we assumed
the atomic weighted average of the individual material parameters of Co and
Pt. In order to reproduce all the demagnetization curves in Fig. 4.1, we divided
the sample into slabs of approximately 1 nm and used a single set of maximum
�ve global �tparameters in total for each simulation, i.e. asf, λep, ce/cp, TC and
κ. For all other parameters, we use literature values including the total heat
capacity cV = ce + cp at 300 K. Obviously, P0 is varied among the individual
curves.
Special attention is given to ce/cp of ‘Co/Pt’ as in Ref. 52 it is stated that

an overestimation leads to an increased value for asf. To verify this, we eval-
uate two scenarios for this parameter. In the �rst scenario all �ve parameters
including ce/cp are unconstrained to reproduce the data, whereas in the second
scenario ce/cp is �xed according to the weighted average based on the litera-
ture values. [70] For the data of the Co reference sample we only do the analysis
according to the second scenario.

�e solid lines in Fig. 4.1(a) represent the results of �t procedure accord-
ing to �rst scenario for the Co/Pt multilayer. Analogously we displayed the re-
sults from the �t procedure for the Co reference �lm as solid lines in Fig. 4.1(c).
�e values of �t parameters are listed in the second and fourth column of Ta-
ble 4.1. Figure 4.1(a) and (c) show that there is a good agreement between the
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M3TM simulation and the demagnetization traces from the TRMOKE mea-
surements. From the �t values, we extracted the average spin-�ip probability
asf = (10.5 ± 0.5) ⋅ 10−2 for ‘Co/Pt’ and asf = (2.5 ± 0.5) ⋅ 10−2 for Co in the
reference sample. So the average spin-�ip probability of ‘Co/Pt’ has increased
by a factor of four as compared to normal Co. As the main di�erence between
the multilayer and reference sample relies on adding Pt layers, which increases
the spin–orbit coupling, we conjecture that the increased value of asf is a result
of the increased spin–orbit coupling.
In order to get more con�dence in our analysis, we brie�y discuss the other

�t parameters ‘Co/Pt’ (Table 4.1).�e ratio of electronic to lattice heat capacity
is ce/cp = (2.8 ± 0.3) ⋅ 10−2, inducing a value of γe = (2.9 ± 0.3) ⋅ 102 J m−3 K−2,
in reasonable agreement with the high temperature calculations for Pt from
Lin. [71] For the Co sample we assumed the literature value of γe = 6.65 ⋅ 102 J
m−3 K−2 [70] and a total heat capacity cV(300K) = 3.75 ⋅ 106 J m−3 K−1 resulting
in ce/cp = 5.6 ⋅ 10−2. Furthermore, we deduced that λep for ‘Co/Pt’ and Co are
in the same range as determined for Ni by Roth, [52] i.e. 23 meV.�e Curie tem-
perature of ‘Co/Pt’ is lowered by the addition of Pt to TC = (630 ± 30) K.�is
certainly is a reasonable number when comparing to 700 K as determined by
extrapolating the data of van Kesteren [72] for a Co0.5/Pt1.31 multilayer.�ough,
the Curie temperature of a certain Co/Pt multilayer depends on the exact fab-
rication process and the quality of the Co–Pt interfaces. Finally, we established
that the heat conductivity κ equals (2± 2) and (6± 4) J s−1 m−1 K−1 for ‘Co/Pt’
and Co.�ese are only a fraction of what we would expect from the individual
values of Co and Pt, i.e. about 100 and 71.6 J s−1m−1 K−1. Onemay speculate that
the reduced heat conductivity is due tomany Co–Pt interfaces in themultilayer
structure, �nite size e�ects and short timescales and/or the highly nonuniform
heating of the sample. A more detailed analysis of κ is certainly of interest but
beyond the scope of the present work, as it is not of particular importance for
the here presented results.
In the second scenario, we �x ce/cp = 6.7 ⋅10−2 of ‘Co/Pt’ to what is expected

from the literature values of γCo = 6.65⋅102 and γPt = 7.19⋅102 J m−3 K−2. [70]�e
resulting demagnetization traces are not shown in Fig. 4.1(a) as they are hardly
resolvable from the traces of the �rst scenario.�e data in column 3 of table 4.1
show that λep is comparable to the value for Ni as determined by Roth [52] and
almost equal to the value ofCo in the reference sample.�e value ofTC becomes
smaller, but still is reasonable and the number for κ increases considerably yet it
remains signi�cantly smaller than its weighted average value as expected. More
importantly, asf increases to (13.5± 0.5) ⋅ 10−2 being �ve times our value of Co.
Finally, we note that the value of asf for the Co reference sample ismuch smaller
than reported in. [26] �is observation is in line with the �ndings of Roth for
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Table 4.1: M3TM �t parameters for ‘Co/Pt’ for two scenarios (see text) and for Co.
�e bold values are �xed parameters in the analysis.

Parameter Co/Pt Co
sc. 1 sc. 2

asf (10−2) 10.5 ± 0.5 13.5 ± 0.5 2.5 ± 0.5
λep (meV) 53 ± 5 28 ± 5 31 ± 2
ce/cp (10−2) 2.8 ± 0.3 6.7 5.6

TC (K) 630 ± 30 550 ± 40 1388
κ (J/(smK)) 2 ± 2 16 ± 4 6 ± 4

Ni. [52]�ey corrected the earlier reported asf for Ni from 18.5 ⋅10−2 [26] to 8 ⋅10−2
and attributed this to an overestimation of ce relatively to the total heat capacity
ofNi in Ref. 26 leading to a larger spin-�ip probability. We see that an increased
ce/cp in scenario 2 indeed leads to an increased value of asf relative to scenario
1. We conclude that the exact value of asf is dependent on the choices made for
the other material parameters, but also that, independent of these choices, asf
is found to be signi�cantly larger for the Co/Pt structure as compared to the Co
reference �lm.
As the demagnetization process develops faster at low laser �uences, we per-

formed low �uence TRMOKEmeasurements on a di�erent setup. τ∗M extracted
from the two curves in Fig. 4.1(b) are plotted in Fig. 4.2 and both smaller than
the smallest τ∗M of the high �uence series of measurements. More precisely, the
smallest τ∗M is only 40 fs. To check the consistency of the �t parameter val-
ues as determined from the high �uence data according to scenario 1, we per-
form a �t routine on these low �uence data. As the range of maximum quench-
ing of the magnetization is limited, we have to add constraints in order not to
over-parameterize the problem. �erefore the parameters TC and κ are �xed
to the values as determined in scenario 1. �e solid lines in Fig. 4.1(b) repre-
sent the results of the global �t routine carried out on the two demagnetiza-
tion traces.�e simulation seems to reproduce the experimental data well.�e
magnitudes of the ‘Co/Pt’ parameters of interest equal asf = (10.2 ± 0.5) ⋅ 10−2,
ce/cp = (2.5 ± 0.3) ⋅ 10−2 and λep = (55 ± 5) meV, and thus all of them are
in agreement with the values of scenario 1. We therefore have shown that asf,
ce/cp and λep display no pronounced dependency on the laser �uence and that
the values extracted are consistent among the two di�erent TRMOKE setups
used to perform the demagnetizationmeasurements. Because all the properties
of both samples are well determined by means of our M3TM simulations, we
can make a comparison between τ∗M as determined experimentally and by the
M3TM.�e values for τ∗M originating fromM3TM traces are represented by the
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dashed lines in Fig. 4.2. For the dashed line in case of the Co/Pt multilayer, the
values of the parameters are chosen matching with those obtained by scenario
1.�e M3TM reproduces the trend of the demagnetization as a function of the
magnetization quenching well for both samples, providing further con�dence
in the applicability of the M3TM for analyzing laser-induced demagnetization
dynamics.
Finally we would like to put the (at least) fourfold increase in asf for the

Co/Pt multilayer in a more physical perspective. Generally, Elliott–Yafet spin-
�ip scattering scales as Z4, where Z is the atomic charge. Due to the large dif-
ference in atomic number between Pt (Z = 78) and Co (27), this would lead
to an enhancement by almost two orders of magnitude. Even taking an atomic
average throughout the Co/Pt multilayer, and taking into account the fact that
for an ideal interface the average Co atom only sees a few Pt neighbors, an en-
hancement by one order ofmagnitude of Co at a Co–Pt interface with respect to
pristine Co would be easily achieved.�ereby, the observed increase by a factor
of four should be considered quite modest and not unrealistic. Nevertheless, it
should be emphasized that a more quantitative estimate is very challenging. As
an example, the structure at the interfaces surely is strongly disordered. More-
over it is know that the Z4 scaling is just a very rough rule of thumb and details
of the band structure such as the presence of ’hot spots’ for spin-�ip scattering
near the Fermi level can a�ect the spin-�ip rate by up to two orders of magni-
tude. [73] A more serious calculation of the spin-�ip probability for the Co/Pt-
structure would be highly interesting, but such an analysis goes well beyond the
scope of our present Letter.

4.5 Conclusion
In conclusion we found that the M3TM can reproduce the resulting TRMOKE
demagnetization traces of a Co/Pt multilayer and the Co reference sample to
great detail. We were able to describe all data on each sample by a single value
of asf independent of the laser �uence. From this analysis we conclude that
the spin-�ip scattering of Co in our multilayered structure is at least four times
as large as that of ordinary Co, causing to decrease the demagnetization time
considerably. �ese �ndings are in line with our conjecture that the enhanced
spin–orbit coupling leads to a faster demagnetization process.



5The influence of energy
transport on ultrafast
magnetization dynamics

In order to study the in�uence of heat transport on ultrafast magnetization dy-
namics we measured the demagnetization times of buried Co/Pt multilayers. In
time resolvedmagneto-optic Kerr e�ectmeasurements, we determined that the de-
magnetization time as a function of maximum magnetization quenching shows
contrasting behavior upon either changing the excitation intensity directly by va-
rying the laser power itself or indirectly via the thickness of a Pt layer on the
multilayer. �e di�erent behavior is attributed to heat transport during the de-
magnetization process and is con�rmed by disappearance of the di�erence when
inserting an isolating AlOx layer between the Pt and multilayer. A set of Micro-
scopic�ree-Temperature Model simulations shows that electronic heat transport
needs to be included in order to reproduce the experimental data, but these calcu-
lations cannot discriminate between di�usive and ballistic transport.∗

∗In preparation as: �e in�uence of energy transport on ultrafast magnetization dynamics,
K. C. Kuiper, A. J. Schellekens, T. N. Vader, and B. Koopmans
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5.1 Introduction
�e �eld of ultrafast magnetization dynamics has evolved rapidly. In the two
decades following the �rst observation of sub-ps laser-induced quenching of
ferromagnetic order, [9] increased control over the magnetization dynamics has
been achieved, and exciting new phenomena have been discovered. [33,74,75] Al-
though fundamental understanding is rapidly progressing, the driving mecha-
nisms are still heavily debated. To further unambiguously identify the origin of
sub-psmagnetism, quantitative studies are essential. In order to establish a fully
quantitative description it is no longer trivial that the magnetization dynamics
can be treated locally. Laser-excitation of electrons can be considered a local
process, but the excess energy (heat) as well as the spin angular momentum
can be rapidly distributed throughout the material during the demagnetization
process, typically hundreds of femtoseconds in transition metal ferromagnets.
�ere is not yet consensus to which degree this transport of heat and spin play
a role in measured demagnetization transients.
Whereas the potential relevance of spin transport has been discussed in a

number of recent papers, [37,39,40] in the present study we aim at unraveling the
e�ect of heat transport. Concerning the time scale τheat at which heat trans-
port over relevant length scales in the structure under investigation takes place
we distinguish three di�erent scenarios, as schematically represented in Fig. 5.1.
�e dashed lines in the �gures represent the excess energy (Ee) in the electron
system right a�er laser excitation (t = 0) of a �ctitious sample, a trilayer sys-
tem of which the middle layer has a higher optical absorption. We assume that
electron thermalization completes well within the characteristic time for de-
magnetization, τM. �e resulting electron temperature (Te) pro�le at t ≈ τM
is plotted by solid lines. In scenario A we assume τheat ≫ τM. In this case,
the electron temperature closely follows the absorption pro�le. Alternatively,
in scenario B, τheat ≈ τM, meaning that heat di�usion and demagnetization are
competing at the same time scale. Both in Scenario A and B, the electron tem-
perature is strongly inhomogeneous, which was claimed to be con�rmed e.g. in
experiments by Van Kampen. [36] In strong contrast, however, Scenario C de-
scribes the case τheat ≪ τM. �is is the situation as described by Hohfeld et
al. [62] in their studies on noble metals, where ballistic electrons depose their
heat rapidly over a large thickness range. Note that in scenarios A and C the
in�uence of heat transport on the demagnetization process is relatively limited
as compared to B.�erefore a global approach su�ces for those scenarios.�e
question arising is thus how we can determine which of these three scenarios is
applicable.
In this Chapter we explicitly demonstrate that in a perpendicularly magne-

tized Co/Pt multilayer the e�ective demagnetization time depends on the sam-
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Figure 5.1: �e excess energy for a �ctitious sample (trilayer with layer II having
larger absorption) at the moment of laser excitation t = 0 (dashed lines) and elec-
tron temperature at a characteristic demagnetization time τM (solid lines) assuming
the timescale of the heat transport τheat for three scenarios: A τheat ≫ τM, B τheat ≈ τM
and C τheat ≪ τM.

ple thickness and structure. We ascribe the e�ect to heat transport and there-
fore scenario B in Fig. 5.1 applies in our experiments. �is claim is supported
by two series of measurements and one set of simulations. We show that the
quenching time of a ferromagnetic sample is dependent on the way it is excited
by an intense laser pulse and that the di�erent behavior can be annihilated by
blocking the heat transport due to an insulating AlOx layer added to the sample
structure. At the end of the Chapter a set of M3TM-simulations are carried out
demonstrating that electronic heat transport needs to be included in order to
reproduce the experimental data.
In more detail, we measured the magnetization traces induced by an in-

tense laser pulse of a Co/Pt multilayer with a Pt wedge on top. �e wedge al-
lows us to vary intensity of the laser pulse pumping the multilayer in two ways.
�e �rst possibility is schematically shown on the le� in Fig. 5.2, i.e. the direct
method: we excite the multilayer and change the intensity of the pump pulse
itself from ‘high’ to ‘low’. In the indirect method (righthand side in the �gure),
we exploit the laser’s attenuation by the Pt layer: by keeping the power of the
pump pulse �xed, the e�ective �uence is lowered by the additional Pt on top
of the multilayer. If heat transport does not in�uence the demagnetization pro-
cess, then both the direct and indirectmethodwill show identical demagnetiza-
tion traces as function of maximum quenching of the magnetization. However,
when heat transport does play a role, then the energy absorbed by the Pt layer
can be transported to the multilayer and attribute to the demagnetization pro-
cess.�ismeans that comparing the direct and indirectmeasurements provides
us a tool to unambiguously quantify the contribution of heat transport to the
ultrafast demagnetization process. We emphasize that we choose Pt as absorb-
ing layer is because of its absorption coe�cient, which is comparable to that of
Co.
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Figure 5.2: Schematic representation of the measurements performed. On the le�
hand side, the magnetic multilayer is directly excited by an intense fs laser pulse. By
tuning the intensity of the pump pulse itself, the �uence can be changed from ‘high’ to
‘low’. On the right hand side, we use the same ‘high’ laser intensity as on the le�, but
the �uence pumping the multilayer is lowered by the thick layer of Pt on top.

5.2 Experimental setup
Weperformed ultrafast demagnetizationmeasurements using a polar Time Re-
solved Magneto-Optic Kerr E�ect (TRMOKE) setup. �e main part of our
setup is a Tsunami Ti:Sapphire laser with a repetition rate of 80 MHz and pulse
length of 70 fs FWHM.�e pump and probe laser pulse are focussed onto a
sample with a typical spot size of 8 µm FWHM.�e maximum power of the
pump beam is about 5.0 nJ/pulse. All three samples we measured are grown by
DC magnetron sputtering on a boron doped Si substrate with native oxide on
top. �e basic structure in all our samples is Pt5/(Co0.5/Pt0.6)3× (units in nm);
a perpendicularly magnetized Co/Pt multilayer sputtered on top of a 5 nm Pt
seed layer.�e perpendicularmagnetizationmakes the samples suitable for po-
lar TRMOKEmeasurements. Directly on the multilayer, a Pt wedge was grown
with a thickness of 0–30 nm (sample 1) and 5–35 nm (sample 2). For the third
sample, however, we grew a 2 nmAlOx layer on top of the Co/Pt multilayer fol-
lowed by a Pt wedge of 0–30 nm (sample 3).�e AlOx layer in the last sample
is intended to hinder electronic heat transport.

5.3 Results
Figure 5.3(a) shows some of the demagnetization traces obtained from sample
1 by the indirect method: the Pt thickness (dPt) was varied between 2 and 11 nm
at constant pump power of 5.0 nJ/pulse. Figure 5.3(b), on the other hand, shows
a selection of the traces obtained by changing the pump power (Ppump) itself,
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Figure 5.3: Demagnetization traces as a function of time a�er pulsed laser excitation
of a Co/Pt multilayer. �e intensity of the laser excitation is varied by either the (a)
indirect or (b) direct method.�e solid lines are obtained by �tting the data to a phe-
nomenological function. [50] τ∗M obtained from the �ts in (a) and (b) are shown in (c)
with the solid lines as guides to the eye.
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ranging 2.5 to 5.0 nJ/pulse at a position with 2 nm Pt on top of the Co/Pt multi-
layer. Both sets of demagnetization curves show a conventional behavior: a fast
demagnetization on the the timescale of ∼100 fs followed by a slower remagne-
tization on the picosecond timescale. �e solid lines in both �gures represent
�ts of the data by a phenomenological formula [50] corrected for the �nite du-
ration of the pump and probe pulse. Bymapping the positions of themaximum
quenching of themagnetization, as marked by the dashed lines, we observe two
di�erent behaviors for the traces in Fig. 5.3(a) and (b). In Fig. 5.3(a), the maxi-
mum seems to shi� slightly to the le� for increasing dPt, and thereby decreasing
the pump �uence, in contrast to Fig. 5.3(b), for which themaximum quenching
shi�s to the right upon increasing Ppump.
For a quanti�cation of this observation we extracted the characteristic de-

magnetization time (τ∗M) from the deconvoluted �t curves. Analogously to Ref.
26 we de�ne τ∗M as the time needed to reduce the magnetization to a level of
(1−e−1)-times its maximum quenching (∆Mmax) normalized to the saturation
magnetization at room temperature M0. �e results shown in Fig. 5.3(c) in-
deed reveals two opposite trends. Upon increasing Ppump directly (open circles),
we see that τ∗M continuously increases from roughly 40 to 60 fs. We recognize
this as a ‘regular’ behavior, because it has been observed and reported on be-
fore. [26,68] In these papers, it is shown that increasing the electron temperature
slows down the magnetization dynamics. On the other hand, τ∗M slightly de-
creases from 70 to 65 fs, when dPt is increased (closed circles). We ascribe this
‘non-regular’ behavior to heat transport from the Pt layer to the Co/Pt mul-
tilayer during the demagnetization process. As dPt increases, the amount of
energy directly absorbed in the Co/Pt multilayer becomes smaller due to the
attenuation of the laser pulse in the Pt layer. As a result, according to its ‘reg-
ular’ behavior, τ∗M should become smaller. However, also the Pt layer absorbs
a share of the photon energy of the laser pulse. Because this layer is more in-
tensely pumped than themultilayer, it becomes relatively warmer than themul-
tilayer.�is excess of energy is subsequently transported to the multilayer. Our
data can only be explained if the energy transport is already occurring during
the demagnetization process (scenario B) and thereby increasing its duration.
�is delayed magnetization counteracts the e�ect that the multilayer becomes
less intensely heated by the partly absorbed pump pulse. �e net result in our
measurements is that τ∗M increases for decreasing ∆Mmax.
Next we investigate if we can in�uence the heat transport in the thickness

dependent measurement (indirect method) as illustrated in Fig. 5.3(c). To this
extent we performed measurements on samples 2 and 3. �e extra AlOx layer
in sample 3 acts as a ‘blocking’ layer, because it hinders electronic heat trans-
port from the Pt to the multilayer. Hence, the Co/Pt multilayer is thermally
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Figure 5.4: (a)�e maximum quenching and (b) demagnetization time as a function
of the thickness of Pt layer on top of a Co/Pt multilayer.�e squares and circles repre-
sent the data obtained from a sample with (sample 3) and without (sample 2) a 2 nm
AlOx layer grown between the Pt layer and multilayer respectively. �e solid lines in
(a) are �ts of the data by an exponentially decaying function, whereas in (b) they are
lines to guide the eye.

isolated from the Pt layer. We performed dPt dependent measurements with a
constant Ppump of 5.0 nJ/pulse comparable to those as presented in Fig. 5.3(c).
In these series of measurements we used another laser objective, decreasing the
spotsize to ∼4µm and thus increasing the laser �uence signi�cantly. From the
demagnetization traces we determined ∆Mmax/M0 and τ∗M and plotted the re-
sults in Fig. 5.4(a) and (b). Both series of measurements in Fig. 5.4(a) show that
∆Mmax/M0 exponentially decays as a function of dPt: the linear relation when
plotted on a logarithmic scale underlines this. However, the slope of the solid
line for sample 3 (squares) is clearly larger than for sample 2 (circles). For a
quanti�cation we determined the characteristic decay lengths being (8.8±0.3)
and (13 ± 1) nm for the sample 3 and 2 respectively. �e numbers are in line
with our view that heat transport in�uences the demagnetization process: in
sample 3, heat transport from the Pt to the multilayer is slowed down and can
not enhance the demagnetization process as e�ciently, whereas in sample 2,
the in�ux of heat from the Pt layer causes ∆Mmax/M0 to decay less rapidly for
increasing dPt. In Fig. 5.4(b), sample 2 reproduces the behavior of sample 1 in
Fig. 5.3(c): for increasing dPt, and thus decreasing ∆Mmax/M0, τ∗M increases.
�e trend of the sample 3, however, shows the opposite, and thus ‘regular’, be-
havior since τ∗M decreases for increasing dPt. In other words, the di�erence be-
tween directly and indirectly changing the laser �uence disappears when an
isolating layer is inserted between the Pt and the multilayer. We attribute this
behavior to quenching of heat transport from the Pt to the multilayer.
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5.4 Simulations
In a �rst attempt to resolve the type of heat transport occurring in our mea-
surements, we set up a simulation to reproduce trends we observed in Figs. 5.3
and 5.4. For this purpose, we simulate the �uence and thickness dependent
measurements previously discussed based on the M3TM [26] for three di�erent
types of heat transport, i.e. di�usive, ballistic andno transport at all.�eM3TM
divides the ferromagnet into three subsystems (electron, phonon and spin sys-
tem) and describes the energy �ows among them. On top of the energy, it also
explicitly takes the transfer of angularmomentum into account from the spin to
the phonon system by an Elliott–Yafet type of spin scattering characterized by
the spin-�ip probability asf. For more details we refer to the original paper. [26]
Here we only focus on the di�erential equation for the electron temperature in
a one dimensional approach:

ce(Te(z))
dTe(z)
dt

= gep(Tp(z) − Te(z)) +∇z(κ∇zTe(z))

+Plaser(z), (5.1)

with ce the electron speci�c heat, Te and Tp the electron and phonon tempera-
ture respectively, gep the coupling constant between the electron and phonon
system and �nally κ the electron heat conductivity. We calculated the optical
absorption pro�le using a transfer matrix method, which can be approximated
to a good extent by Plaser(z) = P0 exp (− z

λ), with P0 the �uence of the laser pulse
and λ = 10 nm the penetration depth.

�e ∇z(κ∇zTe(z))-term in Eqn. (5.1) models heat transport in the ferro-
magnet assuming a di�usive process in the electron system. So by setting κ to
a �nite value or to zero, we simulate either a di�usive type of transport or no
transport at all, respectively. To simulate ballistic transport, we set κ = 0 and
alter the pump-term. In this last case we make four more assumptions. First
we assume that all laser excited electrons travel ballistically in a random di-
rection without interacting at a Fermi velocity set to 106 m/s. �is results in a
uniformly distributed velocity in one dimension. Second, the initial density of
ballistic electrons is approximated by an exponentially decaying function due
to the absorption pro�le. �ird, at the surface of the sample, the ballistic elec-
trons re�ect elastically. �e material is thick enough to neglect re�ections on
the backside. Finally, in an exponentially decaying function of time, the ballis-
tic electrons deposit all their energy locally increasing the electron temperature
at that same position. �e typical lifetime of these ballistic electrons τbal is set
as an example to 30 fs.
Figure 5.5(a) shows the results of our simulations on sample 1 as discussed

in Fig. 5.3: we either varied dPt between 2–11 nm (closed symbols) on top of
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Figure 5.5: M3TM simulations of a Co/Pt multilayer incorporating no (squares), dif-
fusive (diamonds) or ballistic (triangles) heat transport. (a) A simulation of the exper-
iment shown in Fig. 5.3: the demagnetization time is shown as a function of maximum
quenching by varying either directly (open symbols) or indirectly the laser �uence
(�lled symbols). (b) maximum quenching and (c) demagnetization time as a function
of the thickness of the Pt layer in order to mimic the experiment shown in Fig. 5.4.
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the 3.3 nm Co0.5/Pt0.6 multilayer or varied Plaser (open symbols). It is impor-
tant to emphasize that for all three cases, we used an identical set of material
parameters except for κ, which for di�usive transport (diamonds) is set to 71.6
W/m/K for Pt and 5 W/m/K for the multilayer. κ is set to 0 for ballistic (tri-
angles) and no transport (squares). When no transport is included, there is no
di�erence between the graphs for varying �uence. However, when transport
is taken into account, the characteristic behaviors of Fig. 5.3(c) arise. Indepen-
dently of the transportmechanismused, τ∗M increases for directly increasing the
laser �uence and decreases for indirectly increasing the �uence. However, for
a full agreement with the data in Fig. 5.3(c), we stress that some �ne tuning on
the sensitivity of τ∗M on ∆Mmax/M0 is needed. As both principles of transport
give comparable results, we cannot discriminate between them. Nevertheless,
the �gure unambiguously shows that heat transport needs to be included in the
simulations to reproduce the di�erent behaviors for varying dPt or �uence.
In a second series of simulations, we tried to reproduce the trends of the

data in Fig. 5.4. To this extent, we simulated sample 2. We assume that sam-
ple 3 can be compared to a simulation neglecting heat transport. We choose
Plaser such that ∆Mmax/M0 is in the same range as those of the AlOx sample
in Fig. 5.4. Results for ∆Mmax/M0 and τ∗M are shown in Fig. 5.5(b) and (c) re-
spectively. For ∆Mmax/M0, we see that the ballistic transport model deviates
signi�cantly from the other two. It clearly shows a reduced sensitivity on dPt
in line with the experimental data from sample 2 in Fig. 5.4(a). We can under-
stand this by the high velocity of the transport: a large portion of the energy
deposited in the Pt layer will reach the multilayer within a few femtoseconds,
even for thicker layers, and directly contribute to the demagnetization process.
In Fig. 5.5(c) we can see the in�uence of the much slower di�usive transport on
τ∗M. It contributes in amore indirect way to the demagnetization process, which
manifests itself in a higher sensitivity on dPt and a larger τ∗M compared to ballis-
tic transport. It therefore exhibits a more pronounced increase in τ∗M for larger
dPt than ballistic transport. Hence the ballistic transport model reproduces the
data in Fig. 5.4(a) better, but the di�usive model the data in Fig. 5.4(b). �ese
latter observations make it impossible to discriminate between both transport
models.

5.5 Conclusion
In conclusion, we investigated the role of heat transport in laser-induced de-
magnetization transients. In this context, �uence dependent TRMOKE mea-
surements were performed on Co/Pt multilayers with and without adjacent ab-
sorbing Pt layers. We unambiguously demonstrated that heat transport is es-
sential for a quantitative description of the demagnetization. �is conclusion
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was supported by comparing samples with an isolating layer of AlOx between
the Pt layer and Co/Pt multilayer, where quenching of the heat transport was
observed indeed. M3TM simulations including either di�usive, ballistic or no
heat transport at all con�rm our �ndings. However, from these exploratory
simulations we were not able to fully pinpoint the exact transport mechanism,
since both di�usive and ballistic transport seems to reproduce di�erent features
in the experimental data best. Further experiments to fully identify the mech-
anisms will be needed. Such investigation will provide more insight on heat
transport in nanostructures at ultrafast time scales, but will also be of utmost
importance for quantitative studies on sub-ps magnetization dynamics.





6Femtosecond laser-induced
spin-transfer torque in
non-collinearly magnetized
multilayer

In our search for new spintronic devices, we explored the possibility of transferring
spin angular momentum across di�erent nano-layers driven by an intense fem-
tosecond laser pulse. To maximize the torque exerted by the transferred spins, we
used a sample with an in-plane magnetized top Co layer and an out-of-plane bot-
tom Co layer. We unambiguously demonstrate laser-induced spin transfer across
a Au spacer layer. �e associated spin-transfer torque causes an ultrafast cant-
ing of magnetization of the in-plane Co layer, which is experimentally observed
as a successively induced GHz-precession in this layer. Results are discussed in
terms of spin-dependent Seebeck e�ect versus hot electron transfer. Based on this
analysis, we attribute this spin-transfer torque to hot electrons created during the
demagnetization process by the intense laser excitation.∗

∗In preparation as: Femtosecond laser-induced spin-transfer torque in non-collinearly magne-
tized multilayer, K. C. Kuiper, A. J. Schellekens, H. J. M. Swagten, and B. Koopmans
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6.1 Introduction
Recently, spin-transfer torque by heat currents has drawn the interest of the sci-
enti�c community. [76–78]�e �eld of research towhich these studies belong car-
ries the name of ‘spin caloritronics’ as introduced by Bauer et al. [79] It concerns
all studies about thermoelectric e�ects in materials with non-equilibrium spin
populations such as magnetic structures and devices. Spin caloritronics gained
a lot of attention from the experimental perspective for instance due to the dis-
covery of the spin-dependent Seebeck e�ect [80] mainly owing to its potential
for new spintronic devices.
So far, many experiments have been carried out that focus on applying the

heat current in a controlled way and thereby study the system’s reaction to rel-
atively small distortions to its equilibrium state. [81,82] It has been proposed that
focussed laser heating might be an ideal way to generate large temperature gra-
dients, and thereby large spin caloritronic e�ects. For example Möhrke [83] re-
ported on domain wall depinning by thermal spin-transfer torque in a lateral
structure by tuning the intensity of two laser spots on either sides of a domain
wall. In contrast to this approach, we intend to excite the system to a highly
non-equilibrium state by a focussed intense femtosecond laser (fs) pulse and
transfer spin-angular momentum in the direction perpendicular to the sample
surface. Intense fs laser pulses have already been used since the pioneering ul-
trafast demagnetization studies of Beaurepaire. [9] It has been suggested that fs
laser excitation not only causes a local demagnetization, but also generate spin
currents that potentially could transfer spin-polarized electrons from onemag-
netic layer to another. [37,38,75,84–86] Battiato et al. [39] even suggested that the
whole demagnetization process could be attributed to spin-dependent trans-
port of laser-excited electrons.
Malinowski et al. [37] carried out �rst measurements proving that individ-

ual electrons, or spins, can indeed be exchanged between magnetic layers in
the direction perpendicular to the sample through a conducting spacing layer.
�ey showed that this e�ect can increase the maximum quenching as well as
the speed of the demagnetizing process. In this Chapter, however, we will ex-
plore the possibility of exerting a torque on fs timescales by the transferred spin-
angular momentum among independent magnetic layers. �is is achieved in
a non-collinearly magnetized multilayer. When a spin-polarized conduction
electron is transferred, for instance, from an out-of-plane to an in-plane, it is
almost instantly absorbed by the local magnetization because of the precession
of the electron around the exchange �eld. �is leads to a spin-transfer torque
on the in-plane magnetized layer. Because longitudinal spin lifetimes in a fer-
romagnet are much larger than transverse ones, the here described transfer of
spin-angular momentum is completely di�erent from the situation studied by
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Figure 6.1: (a) Schematic representation of non-collinearly magnetized multilayer
with a metallic spacer.�e system is excited by an intense fs-laser pulse initiating spin-
transfer torque. (b) Both layers are driven out of its equilibrium and exhibit a damped
GHz-precession upon returning to their equilibrium direction. An externally applied
�eld forces the magnetization of the top layer to line up in this direction making the
system suitable for polar TRMOKE measurements. (c) For large laser �uences and
no externally applied �elds, the magnetization can switch to the opposite direction
coinciding with an easy axis induced by, for instance, a shape anisotropy.

Malinowski. [37] In this sense, we e�ectively try to combine the �elds of spin
caloritronics with ultrafast demagnetization dynamics.

6.2 Experimental Concept
For a maximum spin-transfer torque, a non-collinearly magnetized multilayer
con�guration is essential. Let us consider the sample shown in Fig. 6.1(a), which
consists of two magnetic layers separated by a metallic spacer. In this case the
bottom layer is out-of-plane magnetized whereas the top layer is in-plane mag-
netized. A focussed fs laser pulse impinging upon the structures can give rise
to two types of spin transfer processes. �e �rst e�ect is that the laser pulse
excites some electrons to a high energy state.�ese electrons travel ballistically
through the sample and transfer spin-angularmomentum to the othermagnetic
layer, where it can be deposited by interactionwith the localmagneticmoments.
�is e�ect of spin transfer occurs on the fs timescale and the creation of these
ballistic electrons was demonstrated byMalinowski in a collinearly magnetized
multilayered �lm. [37] �e second e�ect is that a temperature gradient is cre-
ated in the sample due to the �nite attenuation depth of the laser pulse and
di�erences in optical absorption in di�erent layers. �is gradient can induce
a pure spin current by means of the spin-dependent Seebeck e�ect and thus
spin-angular momentum can be transferred between both magnetic layers.
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For a limited laser �uence, the amount of spins exchanged among both lay-
ers per atom can be small compared the material’s atomic magnetic moment.
�e magnetic �eld associated with this exchange is also small relative to the de-
magnetizing �eld and, for instance, an externally applied magnetic �eld.�ese
spins can induce then two e�ects as sketched in Fig. 6.1(b). �e �rst e�ect is
that spins from the in-plane layer exert torque causing the magnetization of the
bottom layer to rotate slightly towards the in-plane direction. While returning
to its equilibrium, i.e. out-of-plane, direction, the magnetization will describe
a damped GHz-precessional motion according to the Landau–Lifshitz–Gilbert
equation. Such a GHz-precession can also be induced in the in-plane layer a�er
being slightly tilted in the out-of-plane direction by spin-transfer torque. Due
to the in-plane direction of the externally applied �eld, the energetically most
favorable direction of the top layer’s magnetization is parallel to this external
�eld. �e precession driven by the demagnetization �eld will therefore damp
out in this direction. Another direct consequence of the applied �eld is that the
precession of the magnetization will mainly be perpendicular to this direction
and thus have a signi�cant out-of-plane component. Both these consequences
make this system ideal for measurements using a polar time resolved magneto-
optic Kerr e�ect (TRMOKE) setup, which is optimized for detecting magnetic
responses in the out-of-plane direction.

�e situation as drawn in Fig. 6.1(b) can change dramatically for larger laser
�uences, and therefore an increased number of transferred spins. In the absence
of an externally applied �eld, the precession induced in the in-planemagnetized
layer and driven by the demagnetizing �eld can be strong enough to overcome
small in-plane anisotropies. For example, we can create an in-plane easy axis
induced by a shape anisotropy. In this situation, the damped precession will
mainly occur in the in-plane direction as it is driven by the demagnetization
�eld having an out-of-plane direction.�e direction of themagnetization could
eventually relax in the opposite direction relative to its position before excita-
tion by the laser pulse as shown in Fig. 6.1(c).�e situation in the out-of-plane
magnetized layer will not change dramatically. �e amplitude of the damped
precession, however, will be increased by the increased amount of transferred
spins. So in this con�guration, we are able to change the magnetic orientation
of the in-plane magnetized layer by a laser pulse only, which can be very inter-
esting for the development of new spintronic devices.
In the following we present our �ndings obtained by polar TRMOKEmea-

surements studying a system as schematically shown in Fig. 6.1(b). Clear dam-
ped precessions are resolved from our TRMOKE traces, showing a dependency
on the spacing layer thickness. We will link these observed precessions to the
in-plane magnetized layer on basis of three arguments.�e �rst one is the de-
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pendency of the precession’s sign on themagnetization of the bottom layer.�e
second and third are based on the frequency and damping. Wewill examine the
in�uence of the spacingmaterial on the precessions as well as the externally ap-
plied �eld direction by slightly tilting it in the out-of-plane direction. We can
explain all these observations by attributing the precessions to be caused by a
spin transfer e�ect. Finally we will address the question whether the ballistic
electrons or the spin-dependent Seebeck e�ect is the dominant mechanism by
analyzing the phase of the precessions.

6.3 Methods
Sample properties

All samples we studied exhibit an out-of-plane magnetized bottom layer and
an in-plane top layer as shown in Fig. 6.1.�e exact structure of the sample we
discuss in detail in this paper is Pt5/Co0.6/Au0−10/Co3/Au4 (units in nm) on a
sapphire substrate. By changing the position of the laser spot on the sample,
the thickness of the Au spacer layer between the two Co layers can be varied
between 0 and 10 nm. Figure 6.2 shows the hysteresis loop with a 1.3 nm Au
space layer. �e measurements are obtained by a polar MOKE setup with ex-
ternally applied magnetic �eld being exactly in the out-of-plane direction. We
can clearly distinguish the magnetic responses of the twomagnetic layers of the
sample. As the �eld is applied along the easy axis of the bottom layer, the mag-
netization direction is expected to reverse its direction at a well determined
value of the applied �eld. �e response of this layer is thereby observed by a
step-like feature in the hysteresis loop and we can determine the coercive �eld
being about 15 mT in this case.�is is in contrast to the in-plane top Co layer,
for which the external �eld is applied along its hard axis.�e magnetization is
then expected to change gradually its direction as a function of the applied �eld
strength. For these small �elds, this response is in �rst order approximation lin-
ear.�e slanted character of the whole loop visualizes thus the response of the
top Co layer.�e inset of the graph shows the coercive �eld (BC) of the bottom
Co layer as a function of Au spacer thickness (dAu).�e two layers seem to be
magnetically decoupled from each other if dAu is at least 1.3 nm (dotted line in
the inset), as then a stable coercive �eld (BC) can be determined.

Experimental setup

In TRMOKE experiments, an intense fs laser pulse is used to excite, or pump,
a magnetic system, like schematically drawn in Fig. 6.1.�e magnetic response
is probed by a second, but weaker, fs pulse making use of the Kerr e�ect. In
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Figure 6.2: �e magnetic response of a non-collinearly magnetized sample consist-
ing of an in-plane bottom and an out-of-plane top Co layer separated by a 1.3 nm Au
layer obtained by polar MOKE measurement. �e direction of the externally applied
�eld is perpendicular to the sample surface.�e step like feature of the loop originates
from the bottom, whereas the slanted feature from the top Co-layer. �e inset shows
the coercive �eld of the out-of-plane Co layer. �e dotted line at 1.3 nm indicates the
minimumAu thickness at which a stable value for the coercive �eld can be determined.

our polar TRMOKE setup, the wavelength of both the pump and probe pulse is
centered around 790 nm and a repetition rate of 80 MHz is used.�e spot size
and pulse duration are 8 µm and 150 fs FWHM respectively. �e maximum
power of the pump pulse is 400 mW causing typically a maximum demagneti-
zation in the bottom layer of 5–10%. �e externally applied �eld is largely in-
plane oriented, but can be rotated over an angle of about 15○ maximum in both
directions. �e combination of this angle and the maximum strength of the
externally applied �eld is strong enough to switch the out-of-plane layer from
one direction into the other. Since the applied �eld can be reversed in sign, we
can switch the magnetization directions of both the out-of-plane as well as the
in-plane layer independently. A�er the sample is driven into one of the four
stable magnetic states, the �eld is switched o� and rotated towards the in-plane
directions. Finally, the direction and strength are set and the measurement can
be started.
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6.4 Results
Basic results and spacer thickness dependence

Figure 6.3(a) shows a typical de- and remagnetization traces recorded by polar
TRMOKE.�e thickness of the Au spacing layer is 3.1 nm. To obtain this graph,
we applied a small �eld of approximately 40 mT exactly along the in-plane di-
rection for both magnetization directions of the bottom layer. In this way we
are able to quantify the measured polar TRMOKE traces by normalizing it to
the saturation magnetization of the out-of-plane Co layer (Moop).�e de- and
remagnetizing behaviour induced by the pump pulse is shown in the �rst part
of Fig. 6.3(a). We assume that this part of the signal originates from the out-
of-plane magnetized Co layer.�erefore we can deduce an absolute maximum
demagnetization (∆Mmax) normalized to Moop of about 6 % from the �gure.
A�er the break, we distinguish two di�erent contributions in Fig. 6.3(a). First,
we identify the non-linear background signal as the ongoing remagnetization
of the out-of-plane Co layer. On top of this background, we clearly observe an
oscillation in the signal. We model the remagnetization signal Mremag by the
phenomenological formula [49]

Mremag = A1 exp(−
t
tep

) + A2√
t + t0

+ A3 exp(−
t
th

) , (6.1)

with A1, A2 and A3 scaling factors. We assume that all the photon energy is ab-
sorbed by the electrons. �e �rst term models the heat transfer from the elec-
trons to the lattice characterized by tep, the electron–phonon relaxation time.
�e second and third term describe the heat transfer from the metal to the sub-
strate. �e 1/

√
t-term is typical for a one dimensional heat di�usion with t0

de�ning the width of the “instantaneously” heated region at t = 0. Finally the
exp (−t/th)-dependence represents the balancing of temperatures of two sepa-
rate systems when connected to each other.�e value of tep in this case is close
to 1 ps, whereas th is 2 to 3 orders of magnitudes larger. By �tting the data with
Eqn. (6.1), the dashed in Fig. 6.3 is obtained.
A�er subtracting the remagnetization signal from the original data, a dam-

ped oscillation becomes visible, which is plotted in the inset of Fig. 6.3(a).�e
solid line in the �gure represents a �t of the oscillatory part of the data (Mosc)
according to

Mosc(t) = Mamp sin (ωt + ϕ) exp (−t/td) , (6.2)

with Mamp the amplitude, ω the frequency, ϕ the phase and td the characteris-
tic damping time of the precession. To determine the magnitude of the preces-
sions we need to compare the amplitude of the precession with ∆Mmax/Moop.
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Figure 6.3: (a) Polar TRMOKE trace normalized to the magnetization of the out-of-
planeCo layerwith a 3.1 nmAu spacer. In the le� part a typical de- and remagnetization
of the bottom Co layer induced by the intense laser pulse is visible. In the right part
the precession of the in-plane Co arises.�e inset shows the precession obtained from
the data a�er subtracting the remagnetization signal (dashed line). It is �tted to a expo-
nentially damped function (solid line) (b) themaximumquenching of the out-of-plane
Co layer (�lled squares) is compared to the amplitude of the precession in the in-plane
Co layer (open circles) as a function of the Au-spacing layer thickness.�e solid lines
represent �ts using a �rst order exponential decay.
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�erefore we need to correct the signal from the in-plane Co layer for the op-
tical sensitivity of the in-plane layer relative to the out-of-plane layer. Since the
in-plane Co layer is both thicker and closer to the surface of the sample, it is
expected to induce a larger Kerr rotation for the same change inMz . Using the
hysteresis loops such as shown in Fig. 6.2, we calculated that the sensitivity fac-
tor of the in-plane relative to the out-of-plane layer increases linearly from 6 to
9 for increasing Au thickness between 1.3 and 9 nm.
In Fig. 6.3(b) the maximum quenching of the bottom Co layer is compared

to the corrected amplitude of the top Co layer Mamp/Mip as a function of Au
thickness (dAu). �e �gure shows that a�er correction, the amplitude of the
precession is less than 0.1%, i.e. the magnetization is tilted in the out-of-plane
direction by amaximum angle of 0.06○.�e solid lines represent �ts of the data
with a �rst order exponential decay, which we de�ne as

∆Mmax
Moop

= ∆Mmax,0 exp(−
dAu

d∆Mmax
) ; (6.3)

Mamp
Mip

= Mamp,0 exp(−
dAu
dMamp

) . (6.4)

In these equations, ∆Mmax,0 and Mamp,0 are respectively the theoretical maxi-
mum demagnetization and precession amplitude for a Au “thickness” of 0 nm.
d∆Mmax and dMamp represent their characteristic decay constants. We deduce
that ∆Mmax,0 = (7.6 ± 0.6) % and d∆Mmax = (14 ± 3) nm versus Mamp,0 =
(7 ± 1) ⋅ 10−2 % and dMamp = (8 ± 2) nm.�e value of d∆Mmax for the demagne-
tization is in line with the literature value of 12.5 nm. [87]

Identifying the precessing layer

In the analysis of Fig. 6.3(a), we assumed that the oscillatory signal originates
from the in-plane Co layer precessing around the externally applied magnetic
�eld. Next we will prove that the magnetization of the in-plane Co layer layer is
pushed out of its equilibrium direction, which coincides with the external �eld,
by spins coming from the bottom Co layer. In the following, we will discuss
three characteristics of the precession we use to identify the precessing layer,
i.e. the symmetry, the frequency and damping.
We start our analysis by examining the two TRMOKE remagnetization tra-

ces in Fig. 6.4(a) and (b). �e thickness of the Au spacing layer is 1.3 nm and
the magnetic con�guration of the sample is shown in the inset. Once again we
applied a small external �eld of approximately 40mT exactly along the in-plane
direction.�e dashed lines represent the remagnetization signal from the out-
of-plane Co layer as �tted by Eqn. (6.1).�e �rst characteristic of interest is the
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Figure 6.4: Polar TRMOKE traces of a non-collinearly magnetized sample induced
by an in-plane �eld of approximately 40 mT and magnetic con�guration as shown in
the inset (a) and (b). A�er subtraction of the background (dashed line), a damped
oscillation remains in (c) and (e), which is �tted to a purely exponentially damped sine
(solid lines). Reversal of the magnetization direction of the in-plane top layer in (d)
and (f) relative to (c) and (e) has no in�uence on the sign of the precession, whereas
reversal of the out-of-plane bottom layer does cause a sign change.

sign, or symmetry, of the signal: if the magnetization direction of the bottom
layer is reversed, the spin of the electrons transmitted from the bottom layer
is reversed and thereby the phase of the precession is expected to be inverted.
From Fig. 6.4(a) and (b) it indeed seems that changing the magnetization di-
rection of the bottom layer in�uences both the sign of the background signal as
well as the sign of the precession, which is plotted in Fig. 6.4(c) and (e). How-
ever, reversing the magnetization direction of the in-plane layer as shown in
Fig. 6.4(d) and (f) as compared to 6.4(c) and (e), respectively, has no in�uence
on the background signal or phase.�e solid lines in Fig. 6.4(c)–(f) are �ts us-
ing Eqn. (6.2).

�e recorded precessions in Fig. 6.4 could potentially be created by a preces-
sion in the out-of-plane bottom layer as well. However, this is not very likely for
small applied �elds, since that layer is then largely precessing in the plane paral-
lel to the surface of the sample.�is plane is perpendicular to the direction for
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Figure 6.5: (a) Frequency of the oscillation in the recorded TRMOKE traces as a
function of the applied �eld. �e solid line represents a �t of the data assuming that
the signal originates from a precession in the in-plane layer. (b) Gilbert damping con-
stant in the case that either the out-of-plane (triangles) or the in-plane (dots) layer is
precessing.�e solid lines are guides to the eye.

which our polar TRMOKE setup is optimized. Nevertheless, to unambiguously
exclude this possibility, wemeasured the polar TRMOKE traces for variable ex-
ternally applied �eld strengths and determined the frequency of the precession
by subtracting the background and �tting the remaining trace to Eqn. (6.2). In
this case the �eld was applied along an angle of approximately 15○ relative to the
sample surface for both signs of the applied �eld to make sure that the magne-
tization of both layers are saturated.�e average frequency ( fosc) of both series
of measurements is shown as a function of the externally applied �eld (Bapp) in
Fig. 6.5 (a) and �tted to the Kittel formula [88] assuming an in-plane anisotropy

fosc =
γe
2π

√
Bapp(Bapp + µ0Hdem), (6.5)
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with γe = 1.761⋅1011 rad/(Ts) the electron gyromagnetic ratio, Bapp the externally
applied �eld and Hdem = Msat − HK the resulting demagnetizing �eld. It is
known that an Au/Co interface can induce an out-of-plane anisotropy, which
is accounted for by the �eld HK. �e solid line in Fig. 6.5(a) is the resulting �t
using Eqn. (6.5) and represents the experimental data well. We deduce Hdem =
(6.5 ± 0.2) ⋅ 102 kA/m being signi�cantly smaller than the literature value for
Msat = 1.4 ⋅ 103 kA/m, but this di�erence can be induced by a combination
of smaller Msat of the in-plane layer and HK. We conclude that precession we
record is originating from the in-plane Co layer.
A last con�rmation that it is the in-plane layer causing the observed pre-

cession comes from our analysis of its damping.�is is shown in Fig. 6.5(b), in
which the Gilbert damping constant is plotted. �e expressions for the damp-
ing constant α di�er for the case that either the in-plane (αip) or out-of-plane
layer (αoop) is causing the recorded oscillation, respectively: [89,90]

αip = (γetd [Bapp +
µ0Hdem
2

])
−1
; (6.6)

αoop = (ωtd)−1 . (6.7)

From the �gure we conclude that for the out-of-plane scenario, the extracted
damping converges to a value of αoop = (0.028 ± 0.002) for large �elds, i.e. at
least 4 times smaller than the typical α ∼0.1 − 0.2 for out-of-plane magnetized
Co/Pt �lms. [90,91] Moreover, in these papers it is reported that the precessions
are hardly measurable for �elds smaller than 150 mT and αoop increases to val-
ues larger than 0.2 at these �eld strengths. Assuming an in-plane scenario, we
extract αip = (0.023±0.002).�is is well in line with values published in the lit-
erature for in-plane Co �lms [92,93] varying between 0.011 and 0.037 depending
on the way the sample is grown and the exact sample layout.�us we conclude,
also from the analysis of the damping, that a precession in the top Co layer
causes the recorded oscillation in the signal.

Influence material spacing layer

If the observed precession would indeed be caused by spin-transfer, then it
should be possible tomodify them by changing the spacer layer. For this reason
we fabricated a sample with AlOx on top of the Au spacer. �e precessions as
shown in Fig. 6.4 are not observed when we add this insulating layer of AlOx.
Also upon changing the spacing material to Pt makes the precessions disap-
pear. Figure 6.6 shows the polar TRMOKE measurement data obtained from
a sample with a combination of a 0.5 nm Au and 1.5 AlOx spacing layer. �e
external �eld was applied at an angle of 15○ with the in-plane direction. For a
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Figure 6.6: Polar TRMOKE traces of a non-collinearly magnetized sample with a
1.5 nm insulating AlOx layer on top of an 0.5 nm Au spacer for two di�erent applied
�eld strengths.�e �eld is largely applied in the in-plane direction at angle of 15○. No
clear precessions are observed. We attribute the bump in case of Bapp = 300 mT to a
precession in the out-of-plane layer. For a better distinction between the two sets, we
added an o�set to the data of Bapp = 300 mT.

�eld of 40 mT, a smooth remagnetization trace arises, whereas for Bapp = 300
mT, a local maximum around 50 ps is observed. We identify it as a strongly
damped precession in the out-of-plane magnetized bottom Co layer. It relies
on the temperature dependence of both the magnetization and anisotropy of
the bottom Co layer. [94] �e externally applied �eld pulls the magnetization
slightly in-plane among a certain angle, i.e. the equilibrium direction. Due
to the sudden heating of the layer by the intense laser pulse, this equilibrium
direction is changed. Subsequently, the magnetization starts precessing around
its new equilibrium direction. For these out-of-planemagnetized layers the ob-
served Gilbert damping is strongly correlated with the strength of the applied
�eld and therefore does not exhibit a full precession. [90] Clearly, no such pre-
cessions as in case of the Au spacer are observed in Fig. 6.6.�is is in line with
our conjecture that those precessions are generated by a spin-transfer torque
mechanism, which can not occur when an insulating layer is added between
the two Co layers. However, certainly in the case of 300 mT, we would expect
to see some kind of precession in the top Co layer, induced by the signi�cant
misalignment of 15○ between the externally applied �eld and the in-plane di-
rection. Its absence could be caused by the reduced quality of the 3 nm top Co
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layer grown on AlOx.�erefore more measurements are needed.
�e TRMOKE traces obtained from a sample with a 1.5 nm Pt spacer are

comparable to those shown in Fig. 6.6 and therefore not displayed here. We at-
tribute the absence of precessions in the case of the Pt spacer to the fact that,
in contact with a Co layer, Pt has a short spin di�usion length and thus acts as
an ideal spin sink. [95]Moreover, on the basis of these Pt measurements, we can
rule out dipole coupling as the dominant driving force. Due to dipole coupling,
the magnetization direction of the top Co layer would be slightly canted in the
out-of-plane direction. �e temperature dependence of this coupling and the
sudden temperature increase by the intense laser pulse would excite themagne-
tization out of its equilibrium direction, which would cause a GHz-precession.
�e fact that no precessions are observed with a Pt spacer makes dipole cou-
pling as dominant driving force less probable.

Influence direction externally applied field

A �nal potential artefact that we need to address is that the precession could be
driven by the externally applied �eld only. If the direction of the external �eld
does not exactly coincide with the magnetization direction of the top Co layer,
themagnetization is slightly pulled out-of-plane. Asmentioned previously, this
equilibrium direction is altered due to heating by the intense laser pulse. As a
result themagnetization starts precessing around its new equilibriumdirection.
�e magnitude of this e�ect is dependent on the change in equilibrium direc-
tion.�erefore it can be increased by increasing the magnitude of the external
�eld or by canting the external �eld towards the out-of-plane direction. Al-
though this contribution should be absent for θ = 0○, a small unintended mis-
alignment might enter as an artifact to the genuine spin transfer torque e�ect.
To determine the in�uence of this misalignment of the externally applied �eld
on the recorded precession, we measured its amplitude and phase as a function
of angle between the externally applied �eld and the �lm plane for four di�erent
�eld strengths with a 2.5 nm Au spacer. We de�ne the angle as positive if the
perpendicular part of the externally applied �eld is parallel to themagnetization
direction of the bottom Co layer, i.e. sin θ = M⃗oop ⋅B⃗app

MoopBapp .
�e results are presented in Fig. 6.7. Since the magnetization direction of

the bottom Co layer was �xed throughout the measurements, the contribution
of the spin transfer e�ect to the total precession should be constant and inde-
pendent on �eld strength.�is can directly be observed in Fig. 6.7(a) at θ = 0○:
the amplitude of the precession for all four applied �eld strengths intersects the
θ = 0○-line at exactly the same point and has a signi�cant positive value. �e
applied �eld, however, in�uences the amplitude approximately linearly (dashed
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lines) by either in- or decreasing the strength of the precession for respectively
positive and negative values of θ.�is in�uence is obviously larger for increas-
ing external �eld strengths. Moreover, for negative angles, and thus an external
�eld having a component anti-parallel to the magnetization direction of the
bottom layer, the amplitude can be almost completely quenched. When rotat-
ing the �eld to more negative directions, the precession increases again, but the
phase of the precession is changed by nearly π as shown in Fig. 6.7(b). Using
the linear �ts, we determine that the strength of the spin transfer e�ect is equal
to the torque induced by a �eld of at least 20 mT applied at θ = 90○ a�er the
magnetization is excited by our intense fs laser pulse, i.e. the �eld at which the
linear �ts in 6.7(a) intersect theMamp = 0-line.

6.5 Discussion
Having excluded artifacts in the θ = 0○ measurements, we next discuss the
genuine spin-transfer torque e�ect.

Hot electrons

First we consider the scenario of hot electrons for being the dominant e�ect.
�ese electrons are excited by the pump laser pulse andwe canmake an estimate
whether the amount of spins involved in the demagnetization process is su�-
cient to induce a precession with such an amplitude. By dividing the two data
sets from Fig. 6.3(b) on each other and account for the di�erent thicknesses of
the two layers, we can determine the fraction of spins transferred ( fst) from the
bottom to the top layer needed to induce a precession as large as we measured.
�e results are plotted in Fig. 6.8. Although the data shows a considerable level
of noise, a decaying trend is visible, which we �tted to

fst = fst,0 exp(−
dAu
λAu

) , (6.8)

with fst,0 = (4.7± 0.9)% the amount spins transferred for a Au “thickness” of 0
nm and λAu = (20± 17) nm the spin relaxation length in Au, i.e. the character-
istic length the spin travels before scattering.�e latter number is smaller than
the 60 nm reported by Bass. [96] However, in our case the Au spacer is reason-
ably thin and therefore the quality of the Au/Co interfaces plays a crucial role.
A local change in interface quality in�uences the amount of scattered electrons
altering the e�ective amplitude of the precession observed. More importantly,
we see that the �t of fst decays roughly from 4.4 to 3.0% for increasingAu thick-
ness between 1.3 and 9 nm. In other words, one out of 30 electrons involved
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to the in-plane Co layer in order to induce a precession having the magnitude as we
recorded.�e solid line represents a �t of the data using a �rst order exponential decay

in the demagnetization process in the bottom Co layer needs to be successfully
transferred to induce a precession in the top Co layer with such an amplitude as
wemeasure.�is can be a realistic scenario, when considering thatMalinowski
et al. [37] measured a spin transfer up to 25 % in a collinearly magnetized sam-
ple. Moreover, in their measurements the top and bottom layer had an identical
layout.�eoretically, if we could increase the total amount of Co in the bottom
layer by a factor of 5, we would end up with an fst of more than 20 % well in
line with the �ndings of Malinowski.

Spin-dependent Seebeck effect

According to the previous analysis, the transfer of hot electrons can well be the
main driving force for the precessions. In order to assess whether the spin-
dependent Seebeck e�ect can be an alternative explanation, we will calculate
its typical size. For this estimate, we consider the spin current across the Au
spacing layer from the bottom to the top Co layer.�is current is driven by the
temperature gradient in the out-of-plane magnetized Co layer (∇T) owing to
the di�erence in Seebeck coe�cients S↑ /= S↓ in a ferromagnet. We assume that
the top Co layer acts as a perfect spin sink, i.e. all the spins entering this Co
layer are absorbed. Furthermore, we treat this top Co layer as a normal metal
(S↑ = S↓) due to the di�erent polarization direction of the spins. �e driving
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force for this spin-transfer torque e�ect is ∇T being time dependent.�e spin
current density (Js) must therefore also be dependent on time. Based on the
materials’ conductivities (σ), we estimate this current density as [80]

Js(t) =
PσCo
2

(1 − P2)SCo
1 + (1 − P2)ρ

[1 − exp(−
dCo,oop

λCo
)]∇T(t), (6.9)

with P = (σ↑ − σ↓)/σCo the polarization of the conductivity and SCo = ∣S↑ − S↓∣
the absolute spin-dependent Seebeck coe�cient in Co.�e denominator of the
second term, i.e. [1 + (1 − P2) ρ]−1, with ρ = (σCodAu)/(σAuλCo), compensates
for the �nite thickness and spin relaxation length of Au. Finally, we correct Js
for not being fully polarized due to the �nite thickness of the out-of-plane Co
layer (dCo,oop) by the [1 − exp (−dCo,oop/λCo)]-term.�is term shows the right
behavior for two extreme cases. If the bottom Co layer would become in�nitely
thick then no correction is needed and the term must become 1. Alternatively
if there is no bottom Co layer, and thus dCo,oop = 0, then Js needs to be 0, which
is indeed the case. Using Eqn. (6.9), we can calculate the total amount of spins
successfully transferred per Co atom in the in-plane layer ( fst,at) as function of
time by

fst,at =
Vat,Co
dCo,ip

1
∣e∣ ∫

Js dt, (6.10)

with Vat,Co the atomic volume and dCo,ip the thickness of the in-plane Co layer.
In order to calculate a value for fst,at, we only need to determine ∇T(t).

�e other values can be found in the literature. To this extent, we set up a Mi-
croscopic�ree-Temperature Model simulation (M3TM [26]) to reproduce the
magnetic response of the out-of-plane Co layer to the intense laser pulse. In
the simulation we reproduce the de- and remagnetization TRMOKE curve we
obtained from measurements at dAu = 2 nm shown in Fig. 6.9(a). We assume
that the entire magnetic signal except for the exponentially damped precession
originates from this out-of-plane Co layer. As Au absorbs hardly any laser light
compared to Co and Pt, it is essential to calculate the right absorption pro�le of
our sample. We used the pro�le as shown in the inset in Fig. 6.9(a) determined
by means of transfer matrix simulations. [97] For the material properties in the
M3TM simulation we used literature values. Furthermore we tuned the inten-
sity of the simulated laser pulse such that the maximum quenching of the sim-
ulation agrees with the TRMOKE data.�us from a least square �t we derived
the Co Curie temperature TC = 865 K, the spin-�ip probability asf = 0.125 and
heat conductivity of sapphire κsap = 8.3⋅10−3 J/(smK).�e resulting curve of the
simulation is represented by the dashed line in Fig. 6.9(a). We see a good resem-
blance between the experimental data and the simulation. On the ps timescale
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Figure 6.9: (a) Polar TRMOKE trace normalized to the magnetization of the out-
of-plane Co layer with a 2.0 nm Au spacer.�e dashed line represent the results of an
M3TMsimulation of our sample assuming a laser absorption pro�le shown in the inset.
(b)�e electron temperature gradient (solid line, le� axis) and its integral (dashed line,
right axis) within the out-of-plane Co layer as determined by the M3TM simulation.
�e latter is used to calculate the magnitude of the spin-dependent Seebeck e�ect in
our sample.

the de- and remagnetization pro�le of the simulation seems to reproduce the
data well.�e same applies for the long timescale a�er subtracting the oscilla-
tory part: the remagnetization passes through the middle of the precessions.

�roughout the M3TM simulation, we recorded the electron temperature
pro�le inside the bottom Co layer as well. ∇T is determined by subtracting the
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electron temperature near the Co/Au interface from the temperature near the
Co/Pt interface (∆T) divided by theirmutual distance (∆x) being the solid line
in Fig. 6.9(b). Initially ∆T/∆x has a negative value. At �rst sight this behaviour
seems counterintuitive, since the top part of the out-of-plane Co layer is closer
to the sample surface and therefore ismore intensely pumped by the laser pulse.
However, this part borders to Au, which hardly absorbs energy from the laser
pulse and is therefore relatively much colder than the Co and Pt layers. To level
this imbalance in temperature, heat �ows from the top part of the out-of-plane
Co to the Au layer until they both have the same temperature.�e bottom part
of this Co layer borders to Pt having roughly the same absorbing coe�cient
as Co. �erefore this part of the Co layer can not transfer its excess of energy
as e�ciently and will temporarily be hotter than its top part. A�er about 0.5
ps the balance is restored and subsequently ∆T/∆x becomes positive having
a maximum at about 1 ps. �is is expected, as the heat eventually has to be
transferred to the substrate at the bottom of the sample.
Although ∆T/∆x seems to become 0 a�er the break, it still has a non-

negligible value when integrating ∆T/∆x.�is part of the graph is dominated
by the heat transfer from the sample to the substrate. Due to the small value
obtained for κsap, it takes relatively long for the heat to be fully transferred to
this substrate. During this process a small ∆T/∆x persists. Finally we can use
the integration of ∆T/∆x, i.e. the dashed line in Fig. 6.9(b), for the estimate of
the magnitude of the spin-dependent Seebeck e�ect. In order to estimate the
amplitude of the precession, we use the integrated spin current over half a pre-
cessional period. �e integrated thermal gradient corresponds ∫ ∆T/∆x dt =
1 ⋅ 10−3 Ks/m, i.e. the value around 150 ps coinciding with the �rst minimum
in the precession. Combining this value with P = 0.45, σCo = 6.0 ⋅ 106 S/m,
σAu = 27 ⋅ 106 S/m, SCo = 1.68 µV/K and λCo = 40 nm from Dejene, [98] we
determine that fst,at = 6 ⋅ 10−7. Using the magnetic moment of Co = 1.72 µB, a
value of 4 ⋅ 10−5 % for Mamp/Mip in Eqn. (6.4) is derived. �is is three orders
of magnitudes smaller than what we previously determined from our measure-
ments. In other words, the spin-dependent Seebeck in our experiment can not
be the main driving force for precession we observed, leaving only the transfer
of hot electrons as a feasible scenario.

6.6 Conclusion
Wemeasured spin-transfer torque in a non-collinearly magnetized sample ini-
tiated by an ultrafast (fs) laser pulse. �e e�ect of this torque is monitored by
polar TRMOKE experiments via theGHz-magnetization precession that it trig-
gers. From the symmetry, frequency and damping of the observed oscillation,
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we concluded that the magneto-optical signal originated from the precessing
magnetization of the in-plane Co layer, and is caused by spin transfer from the
out-of-plane bottom layer. �is vision is strengthened by the dependency of
the precessions on the material of the spacing layer and intentional misalign-
ment of the externally applied �eld. According to our analysis, the most prob-
able driving mechanism is the transfer of spins by hot electrons created during
the demagnetization process by the intense laser excitation. We calculated that
∼4% of the total amount of hot electrons needs to be transferred to the in-plane
magnetizedCo layer to induce the precessionswith themagnitudewe observed.
An estimate of the spin-dependent Seebeck in our sample shows that this e�ect
lacks about three orders of magnitudes to be the main driving mechanism.





7Conclusions and outlook

We �nalize the main part of this thesis with this Chapter. We will �rst look back
at the goal we set ourselves and shortly answer it.�en, we will present an outlook
on future research. We will discuss what kind of experiments can be carried out
for further progress in the �eld of ultrafast magnetization dynamics.
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86 Chapter 7

In this thesis, we have studied the magnetization dynamics of ferromagnetic
samples induced by an intense fs laser pulse. �e goal of our work is to de-
termine whether nonlocal e�ects can in�uence the demagnetization process,
which in our samples has a typical duration of a few hundred femtoseconds.
When looking at nonlocal e�ects in ascending order of dimension, we found
that magnetization dynamics of a sub-nmCo layer are strongly increased by an
adjacent Pt layer. We attribute this to an enhanced spin–orbit coupling of Co
at the Co/Pt interface. On the larger length scales up to several tens of nm’s, we
saw that heat transport is a�ecting the magnetization dynamics.�is nonlocal
e�ect is a direct consequence of the inhomogeneous laser absorption pro�le in
a ferromagnetic sample, thereby inducing a temperature gradient in the direc-
tion perpendicular to the sample surface. On these same and potentially larger
length scales, we determined that so called hot electrons can play an important
role. �ese electrons are created during the laser excitation process and can
travel ballistically through metal layers. Moreover we have shown that these
electrons can transfer spin angular momentum to nonadjacent ferromagnetic
layers.

�e results discussed in this thesis form only tiny piece in the puzzle of ul-
trafast magnetization dynamics. Many questions still remain unanswered, of
which the most import obviously is: what is (are) the driving mechanism(s)
of the fs demagnetization process? Bearing our results in mind, we know that
spin–orbit coupling, heat transport and hot electrons, not necessarily in this
particular order, play an important role. Since our results can largely be ex-
plained by the Microscopic�ree-Temperature Model, some sort of spin-�ip
process is likely to be at least one of the driving mechanisms.�e most logical
next step for solving the puzzle would therefore be trying to further separate
the nonlocal e�ects from the genuine demagnetization driving mechanism and
quantize all of their individual contributions in the measurements.
Starting with the spin–orbit coupling and how it can be in�uenced, one can

think of performing measurements on Co/Pt based multilayers, such as pre-
sented in Chapter 4, by varying the layer thicknesses of the individual Co and
Pt layers. �is way it is possible determine in which measure the spin–orbit
coupling is enhanced by the Pt. But one can also think of di�erent materials
instead of Pt, for instance Au, Pd or Ni. Especially the last one would be inter-
esting since it is not expected to in�uence the spin–orbit coupling that much.
However it would still induce disorder in the Co layer, opening the possibility
to study the in�uence of disorder on the ultrafast magnetization dynamics.
Concerning heat transport, future research should be focussed on the kind

of transport that is taking place during the demagnetization process. Already
simple variations of the Co/Pt based samples in Chapter 5 could provide some
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more insight in the actual transport mechanism. For instance substituting the
Pt layer underneath and above the Co/Pt multilayer would simply cause an-
other laser absorption pro�le in the sample and thereby change the way the
heat �ows through the sample a�er excitation. In this respect, it would be in-
teresting what kind of magnetization traces are obtained when Au is used, since
it absorbs far less energy than Pt and thus remains relatively cold. Also the fact
thatwe can pump andprobe fromopposite sides of the sample could shine some
new light on the matter as Schellekens et al. [99] have already reported on. Cur-
rently, some preliminary research has been carried out, focussed on controlling
the heat transport by changing themutual orientation of neighboringmagnetic
layers beneath the ferromagnetic layer of interest.
Already since the work the work of Malinowski et al. [37] we know that hot

electrons can decrease the demagnetization time and thereby serve as one of the
driving mechanism for ultrafast magnetization dynamics. In that work, they
also estimated the amount of hot electrons being transferred from one layer
to the other. We would suggest performing experiments aimed at determining
the optimal conditions for creation of hot electrons. Such research is not only
interesting from a fundamental point of view. It also has great potential for
the development of new spintronic devices, since we have shown in Chapter 6
that the hot electrons can transfer spin angular momentum. �e latter could
potentially reorient the magnetization of a nonadjacent layer. �e analysis of
magnetization traces obtained from suchmultilayered structures is rather com-
plicated considering the results of Chapter 6. However, we recently improved
our TRMOKE setup making element speci�c probing possible. In this way we
are able to measure the magnetic traces of the individual ferromagnetic layers
separately simplifying the further analysis of the data.





Summary

Exciting spins
Revealing nonlocal effects in ultrafastmagnetization dynamics
In this thesis we studied the magnetization dynamics of ferromagnetic samples
a�er excitation by an intense femtosecond (fs) laser pulse. Already since the
pioneering experiments investigating non-equilibrium magnetization dynam-
ics using a time resolvedmagneto-optic Kerr e�ect (TRMOKE) setup, we know
that these processes can reach timescales of down to femtoseconds. In contrast
to other work, we explored the in�uence of nonlocal e�ects on the demagne-
tization process, instead of treating the ferromagnetic material in a global way.
We performed TRMOKE experiments and analyzed the data bymeans of simu-
lations based on the so-calledMicroscopic�ree-TemperatureModel (M3TM).
�is model describes both the energy �ows between the three subsystems, i.e.
the electron, phonon and spin, as well as microscopically the angular momen-
tum transfer from the spin to the phonon subsystem by means of an Elliott–
Yafet type of spin-�ip scattering. To account for nonlocal e�ects we included
a realistic absorption pro�le of the laser pulse and incorporated heat transport
by di�usion or ballistic electrons.
First, we studied the e�ects of the �nite �lm thickness and �lm structure

on the demagnetization transients by means of M3TM simulations incorporat-
ing heat transport by di�usion. In general we demonstrated that utmost care
has to be taken in deriving quantitative information from experiments when
using high laser �uences. More speci�cally, modeling the dynamics including a
�nite penetration of the laser light and heat di�usion, it was shown that extrin-
sic parameters, such as the thickness of the ferromagnetic layer or the sample
structure, can cause a change in the observed demagnetization time by up to a
factor of three.
In a series of TRMOKE experiments, we explored the role of enhanced

spin-orbit interactions on the total demagnetization dynamics by means of a

89



90 Summary

comparative study on a Co thin �lm and Co/Pt multilayers. We showed that
the presence of the Co/Pt interfaces gives rise to a threefold faster demagne-
tization. We assigned this faster demagnetization process to a more e�ective
angular momentum transfer from the spin to the phonon system. �is state-
ment is based on our estimate that the Elliott–Yafet spin-�ip scattering in the
multilayer structure is increased by at least a factor of four with respect to the
elementary Co �lm.
To study the in�uence of nonlocal heat transport on the demagnetization

processes, we performed TRMOKE measurements on a Co/Pt based thin �lm.
In the experiments the laser �uence was varied either by directly changing the
intensity of the laser pulse itself or by changing the thickness of a Pt layer on top
of the magnetic Co/Pt part of the sample. If no heat transport occurs through-
out the sub-picosecond demagnetization process, both series of measurements
should show the same behavior for the demagnetization time as a function of
maximum quenching of the magnetization. However the behavior obtained
di�ered clearly for both cases and we thus claimed that heat transport plays a
signi�cant role. From these measurements we could not conclude whether the
heat transport was dominated by di�usion or ballistic electrons.
As there are clear indications for the existence of heat di�usion or ballis-

tic electrons throughout the demagnetization measurements, we studied the
possibility of applying a torque on a ferromagnetic layer by a direct transfer of
spins in a TRMOKE experiment.�is transfer was induced by the intense laser
pump pulse and to maximize the torque we used a non-collinearly magnetized
sample consisting of an in-plane magnetized top Co layer and an out-of-plane
bottom Co layer. �e e�ect of the spin-transfer torque was monitored via the
GHz-magnetization precession that it triggered. From the frequency, phase and
damping of the experimentally observed oscillation, we concluded that the sig-
nal we measured originated from the precessing magnetization of the in-plane
Co layer caused by spin transfer from the out-of-plane bottom layer. Based on
an analysis of the amplitude of the GHz-precession, we attributed this spin-
transfer torque to hot electrons created during the demagnetization process by
the intense laser excitation. An estimate of the spin-dependent Seebeck in our
sample showed that this e�ect lacked about three orders of magnitudes to be
the main driving mechanism.
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