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Abstract

After Beaurepaire et al. observed one of the fastest demagnetiza-
tion processes discovered thus far by optically exciting a thin Nickel
film layer, scientific interest in femtosecond laserpulse induced ultra-
fast demagnetization has grown. The process was explained with local
heating of the spin system, until Rudolf et al. published measurements
on an Fe/Ni RKKY coupled bilayer structure, revealing a significant
role of spin transport in the demagnetization. Since then, various
experiments have been conducted, looking for the ultimate magnetic
dynamics timescale and the cause of ultrafast demagnetization. The
setups used for measurements on bilayer structures, however, are com-
plicated, big and expensive. In this report, a novel all-optical probing
technique for magnetization dynamics on small timescales with mate-
rial specifity is explained and demonstrated. The technique is based
on the conventional TR-MOKE setup and involved the addition of a
quarter waveplate. In order to prove physical significance, measure-
ments are performed using the presented setup similar to the mea-
surements Rudolf et al. published.
Results confirm that the setup is indeed able to measure magnetiza-
tion dynamics on small timescales with material specifity and can be
used to measure spin transport in ultrafast demagnetization processes.
Measurements on RKKY coupled Fe/Ni bilayer structures suggest a
role of spin transport in ultrafast femtosecond laserpulse induced de-
magnetization, however, its precise role in the process is still unknown.
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1 Introduction

Not just in classrooms, laboratories and on fridges can magnets be found.
Magnetic properties of materials are used all around us, sometimes in a way
more subtle than most would expect. Magnetism has been investigated for
centuries, but scientific research on the subject has been intensified the last
few years. Early in the 1990’s, research on magnetic effects such as mag-
netoresistance and giant magnetoresistance (MR, GMR) flourished because
of the developments on computers. Hard drives got faster, more compact
and could contain more data, while using less power. With the technology
still advancing rapidly, the research on magnetic effects is focussed on un-
derstanding the processes involved in order to put the effects to use in even
faster or more powerful technologies.

Especially magnetization dynamics on extremely small timescales have be-
come a field of interest lately. In order to understand dynamic magnetic
processes on even smaller timescales, experiments are performed on vari-
ous magnetic materials. As faster processes have been discovered the last
decades, the question arises what the ultimate timescale is, both out of sci-
entific interest and in order to improve magnetic storage.

1.1 Femtosecond laser pulse demagnetization

One of the fastest magnetic processes measured thus far is induced with
femtosecond laser pulses. In 1996, Beaurepaire et al. investigated the pi-
cosecond timescale demagnetisation of nickel when heated by a femtosecond
laser pulse [1], as visible in figure 1. It was proposed that the observed effect
was a thermal process and could be explained by deviding the system into
three separate subsystems with their own temperature: a spin, electron and
phonon system and is accordingly called the 3 Temperature Model (3TM).
From the model, demagnetisation dynamics can be calculated. Demagne-
tization is caused by the laser pulse heat being absorbed by electrons and
subsequently being transferred to the spin system. Since the measurements
of Beaurepaire, other experiments have shown that femtosecond laserpulse
induced ultrafast demagnetization could be caused by local heating [10].

In 2008, measurements by Malinowski et al. showed that not only local
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Figure 1: The picosecond timescale femtosecond laserpulse induced demag-
netization measured by Beaurepaire et al. in 1996.

heating, but also spin transport processes play a major role in the ultrafast
demagnetization [5]. In 2010, Battiatio et al. calculated the demagnetization
rate of Nickel due to superdiffusive spin transport, involving a two-layer stack
of Nickel and Aluminium. Since then, various measurements have shown that
the contribution of superdiffusive spin transport to ultrafast demagnetization
is insignificant [9], [14], while other measurements show that the demagneti-
zation is caused purely by spin transport [15], [6], [7]. Because of the expenses
of the measuring methods used to measure time- and layer resolved demag-
netization processes, there are few measurements. This makes it hard to
determine exactly whether the ultrafast demagnetization is a thermal effect,
as described by Beaurepaire, or caused by transport processes, as described
by Battiato - though the discussion still continues.

1.2 Layer specific measuring

In 2012, Rudolf et al. published measurements performed by probing ultra-
fast spin dynamics in interlayer exchange-coupled magnetic structures with

4



elemental specifity using high harmonics generation. From these measure-
ments and a model presented in the paper, the contribution of superdif-
fusive spin transport to ultrafast demagnetization in a bilayer structure is
elucidated. Remarkable and counter-intuitive magnetization enhancement is
observed in their measurements. The further investigation demagnetization
dynamics of bilayer structures may bring new insights to the processes driv-
ing ultrafast demagnetization.
The measurements by Beaurepaire et al. were done using a Magneto-Optical
Kerr Effect (MOKE) setup. In section 3 an accurate description of MOKE
and its use in measuring setups will be given. The advantages of the MOKE
setup are that due to its fully optical nature, it is relatively easily to use
this setup compared to other measuring methods available. Compared to
other methods, MOKE based setups are easily set-up and above all - cheap.
The biggest disadvantage of a MOKE setup as it was used by Beaurepaire
et al. is its inability to measure layer- or material specific magnetization,
because the total magnetization is measured instead of the magnetization of
each layer specifically. This means that the measuring technique is unusable
for measuring material specific magnetization.

Other methods used to measure both material- or layer specific and time re-
solved magnetization dynamics are x-ray based, i.e. X-ray Magnetic Circular
Dichroism (XMCD), X-ray Magnetic Linear Dichroism (XMLD), X-ray High
Harmonics Generation (XHHG); or MOKE using a laser with variable wave-
length. The x-ray based methods, where absorption spectra are measured,
can only be performed in a special x-ray facility or with tabletop XHHG
lasers and are extremely expensive to perform. Lasers with tunable wave-
length are also very expensive and for layer specifity of measurements, the
technique depends on the contribution of one of the layers to vanish at a
certain wavelength. Since it is not necessarily the case that the contribution
of a material vanishes at a specific wavelength within a certain range, this
method is suboptimal for measuring layer-specific magnetization dynamics.

Conclusively, a cheap measurement method for layer-specific magnetization
measurements could mean a huge advantage to the field of research on fem-
tosecond laser pulse excited demagnetization. Research in this field is done
in order to obtain theoretical knowledge about ultimate timescale magneti-
zation dynamics and because all-optical magnetization switching is interest-
ing for fast storage technologies. In this report, an accessible layer-specific
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magnetization measuring method based on the MOKE is explained. Differ-
ent measurements are done to demonstrate the method and to verify the
layer-specific measurement capabilities. Also, measurements to investigate
the femtosecond laser pulse induced ultrafast demagnetization process are
performed as an example of the capabilities of the measurement method.
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2 Theory

In this chapter, the theory relevant to the experiments will be introduced.
The properties of static magnetic materials are overviewed first. Then, the
three temperature model as proposed by Beaurepaire et al. and the superdif-
fusive spin transport model as proposed by Battiato et al. are explained.
Finally, the concept of external field driven magnetization precession is in-
troduced.

2.1 Static magnetic properties of single layers

In ferromagnetic materials, the magnetization depends on the material prop-
erties, applied fields and interaction with other nearby magnetic materials.
The magnetostatic or Zeeman energy density of a material within an external
magnetic field with flux density ~B is given by

εm = − ~M · ~B = −µ0
~M · ~H (1)

where ~H is the field strength of the applied field, ~M the magnetization and
µ0 the magnetic permeability of the material. The energy has a minimum
when ~M and ~H are aligned. The magnetization doesn’t simply align itself
with the applied field though, due to anisotropies in the material, creating a
preferential direction of magnetization. The total energy density due to both
anisotropy effects and Zeeman effect is given by

ε = εa + εm = εa − µ0
~M · ~H (2)

The preferential magnetization direction is defined by the minima in the
anisotropy energy density εa. It is possible to write an expression for the
energy density of the material, however, it is easier to express the effect
as an effective field. The relationship between the energy density and its
effective field is as follows:

~Heff
a = − 1

µ0

5 εa (3)

The anisotropy is caused by a number of effects. Since in our measurements
only thin film samples are used, the anisotropies important to us are shape
and surface anisotropy. Expressions for the effective fields are derived for
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each of these effects by K. Kuiper [11]:

~Heff
d = −Mz~ez = −M cos θ~ez (4)

~Heff
mc,s =

2Keff

µ0M

Mz

M
~ez =

2Keff

µ0M
cos θ~ez (5)

where ~Heff
d and ~Heff

mc,s are the effective fields of respectively the shape and
surface anisotropies and θ is the angle between the magnetization and the
normal to the film plane ~ez. These are two competing effects, where the
dominant effect determines the preferential magnetization direction. This
means that depending on the material, either the shape anisotropy is dom-
inant, setting the preferential magnetization direction in-plane (parallel to
the surface) or the surface anisotropy is dominant, causing the preferential
magnetization direction to be out-of-plane (perpendicular to the surface).
This doesn’t mean that a film always magnetizes in the preferential direction:
when a field large enough is applied, the magnetization is ’pulled’ out of the
preferential axis.

2.1.1 Exchange coupling between layers

As mentioned before, Rudolf et al. performed measurements on magnetic bi-
layer structures in order to investigate the contribution of superdiffusive spin
transport to ultrafast demagnetization. The measurements they published
were performed on a stack of 5 nm Nickel and 4 nm Iron, separated by a
Ruthenium spacer layer. By specifically choosing the thickness of the spacer
layer, the layers can be magnetically coupled by an exchange interaction
called RKKY-coupling that couples moments over relatively large distances.
It acts through non-local conduction electrons and is described by a coupling
coefficient j. Depending on the thickness of the spacer layer, the coupling
coefficient can either be positive, resulting in ferromagnetic coupling, or neg-
ative, resulting in antiferromagnetic coupling. The coupling coefficient has a
damped oscillatory nature as function of the spacer layer thickness, as shown
in figure 2.
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Figure 2: The RKKY coupling coefficient j as function of the spacer layer
thickness.

2.2 Ultrafast Demagnetisation

2.2.1 3TM

In 1996, Beaurepaire et al. measured the ultrafast demagnetisation of a ma-
terial when heated by a femtosecond laser pulse [1]. It was assumed then that
the process could be explained by deviding the system into three separate
subsystems: a spin (denoted with subscript s), electron (e) and phonon (p)
system. Each subsystem i has its own temperature Ti and heat capacity ci
and is coupled with the respective other subsystems, where coupling between
two layers i and j is described by a coupling coefficient gij. The expressions
describing the relations between the subsystems are as follows:

ce[Te]
dTe
dt

= −gep(Te − Tp)− ges(Te − Ts) + P (t) (6a)

cs[Ts]
dTe
dt

= −ges(Ts − Te)− ges(Ts − Tp) (6b)

cp[Tp]
dTe
dt

= −gep(Tp − Te)− ges(Tp − Ts) (6c)

where initial laser heating is described by the term P (t).

The model, called the 3 Temperature Model (3TM), predicts initial heating
of the electron system by absorbtion of the laser pulse. Equilibrium is re-
assumed by transferring heat to the spin system and the lattice. A general
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(a) A schematic overview of
the Three Temperature Model
(3TM), its subsystems and the
typical timescales of the possible
interactions between the subsys-
tems. Arrows indicate interac-
tion between heat baths. Cour-
tesy to PSI.

(b) A solution of the 3TM, show-
ing the relative demagnetization
of a Nickel layer after excitement
with a femtosecond laser pulse.

Figure 3

solution to the set of differential equations is shown in figure 3b. Since the
introduction of the 3TM model, lots of experiments have been performed in-
dicating that indeed the heating of electron and phonon systems contribute
significantly to the femtosecond laser pulse induced demagnetization process.

2.2.2 Superdiffusive spin transport

An alternative explanation of the process has drawn a lot of attention from
the scientific community since its introduction by Battiatio et al. in 2010.
They calculated the demagnetization rate of Nickel due to superdiffusive spin
transport of majority and minority spins after pulsed laser excitation [6]. Ex-
cited non-equilibrium electrons with majority spins have a longer mean free
path. Majority spin electrons consequently travel relative long distances,
thereby transporting spin to, for example, another layer, causing rapid de-
magnetization. The possible trajectories of a majority electron are shown in
figure 4. It has been shown by Battiato et al. that in theory, the transport
of majority spins can cause ultrafast demagnetization and that theoretically
calculated relative demagnetization corresponds to the demagnetization mea-
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Figure 4: A schematic overview of the interactions possible in the superdif-
fusive spin transport process. The femtosecond laserpulse-excited electron
(1) starts to move in a random direction. The electron could scatter and
’bounce’ against the inter-layer surface (2). It can also scatter inelastically
with another electron or lattice impurity, flipping spins. There is also the
chance to cross the interface between two layers (4). Courtesy to Battiato et
al. [6]

sured in femtosecond laserpulse excitation experiments.

As stated before, the effects of spin transport manifest in femtosecond laser-
pulse induced demagnetization in magnetic bilayer samples, as can be ob-
served in measurements by Rudolf et al. and Malinowski et al. [15], [5].
In a bilayer sample where each layer has an in-plane preferential magnetiza-
tion axis, the layers can magnetized parallelly and antiparallelly. Due to the
spin-orientation dependend nature of ultrafast spin transport, the demagneti-
zation of structure with two parallelly magnetized layers induced by a fs laser
pulse is expected be different from the demagnetization of a sample magne-
tized antiparallelly. Measurements from Battiato et al. even indicated super-
magnetization for parallel orientation, while antiparallel orientation resulted
in demagnetization [6]. In the next paragraph it will be briefly explained
how the spin currents can change the efficiency of the demagnetization. In
the case where demagnetization is caused mainly by thermal processes, de-
magnetization efficiency should be the same in both parallel and antiparallel
situations, because the relative orientation of the magnetization of both lay-
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(c) (d)

(a) The magnetizations of layer a
and layer b are parallel.

(c) (d)

(b) The magnetizations of layer
a and layer b are antiparallel.

Figure 5: Visualisation of the majority-spin diffusion process. Excited elec-
trons with majority spins of each layer (a,b) cross the layer interface (c,d)
and contribute to the magnetization of that layer. In the case of parallel
magnetization orientation, the spins contribute positively to the magnetiza-
tion, in the antiparallel case the majority spins become minority spins and
contribute negatively.

ers does not influence the strictly local heating process.

When a majority electron excited by a laser pulse travels to the other layer,
there are two possible scenarios, depending on the layer magnetization being
parallel (fig. 5a) or antiparallel (fig. 5b). In the parallel case, the spin is
still a majority spin. If the magnetization of the layers is antiparallel, the
majority spin becomes a minority spin in the other layer. Since net magne-
tization of a layer is the sum of all the spins in this layer, adding majority
or minority spins causes the net magnetization of the latter layer to become
respecitively slightly higher or lower. Exactly the opposite effect appears in
the excited layer: majority spins leaving a ferromagnetic film cause a de-
crease of the magnetization. If superdiffusive spin transport does play a role
in the demagnetization process, different demagnetization efficiencies should
be observed in time- and layer resolved measurements of fs laserpulse heated
magnetic bilayer samples.

The question that arises immediately is whether ultrafast laser-induced de-
magnetization is caused purely by local dissipation of angular momentum or
also by superdiffusive spin transport. We hope to gain more insight in the
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role of superdiffusive spin transport in ultrafast laser-induced demagnetisa-
tion by looking specifically at the magnetization dynamics of each layer.

2.3 Precession

Another effect that occurs in some cases after the initial laser-induced de-
magnetisation is the phenomenon where the magnetization of a ferromagnetic
layer describes a damped precessional motion after initial heating. By partly
demagnetizing a ferromagnetic film as described before, the effective field
~Heff , caused by the anisotropy field and the external field ~Happl, changes di-

rection due to the decreased anisotropy field. This causes the magnetization
to be no longer aligned with the effective field, as was the case in equilibrium.
As described by the LLG equation,

d ~M

dt
=
−gµB
~

µ0

(
~M × ~H

)
+

α

Ms

(
~M × d ~M

dt

)
(7)

the magnetization starts precessing with a frequency ωL = g
~µBµ0H, because

the outer product ~M × ~H is no longer zero. Energy is dissipated in the pro-
cess, forcing the magnetic moment to realign with the effective field. The
effective field also reassumes its original direction due to the relaxation of
the anisotropy field after the demagnetization.

13



M

Ha
pp
l

He 

M He M He 

I II III

Figure 6: A schematic display of precession induced by demagnetisation of a
magnetic material by a laser pulse. In equilibrium, the film has a magneti-
zation ~M along an effective field ~Heff , balenced between the anisotropy field

and the external field ~Happl. By absorbing the laser pulse energy, demagneti-
zation of the layer occurs as described before, causing the layer magnetization
to decrease in magnitude. The anisotropy field will also decrease, changing
the strength and direction of ~Heff . Since ~M is no longer aligned with ~Heff ,

the outer product ~M × ~Heff is no longer nonzero, causing precessional mo-
tion as described by equation 7 (2). The second term of the LLG equation

describes damping due to the loss of energy, causing ~M to align with ~Heff

while still describing precessional motion. Meanwhile, the relaxation of the
sample demagnetization causes ~Heff to assume its original direction. (3).
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3 Theory and setups of material specific MOKE

(MS-MOKE)

In this chapter, the setup used in this report in order to measure layer-specific
will be explained. In order to do this, first the concepts of the Magneto Op-
tical Kerr Effect relevant to the experiments described in this report will be
introduced. MOKE will be explained qualitatively and quantitatively. The
setups traditionally used for MOKE, both static and time-resolved, will be
discussed and finally, the MS-MOKE setup used for measuring magnetiza-
tion dynamics with material specifity will be introduced.

3.1 Magneto Optical Kerr Effect

In 1877, the Scottish physicist John Kerr discovered the effect of a magne-
tized surface on the properties of light reflecting on the surface. The effect
is called the Magneto Optic Kerr Effect - short MOKE- and is used widely
to measure the properties of magnetic materials. MOKE affects the polari-
sation of the reflecting light. Reflection off a magnetized surface add a slight
rotation and ellipticity to linearly polarized light. The effect is displayed
schematically in figure 7. Both effects can be measured independently using
the MOKE setup described in this report.

In order to perform calculations on the MOKE, a quantitative description of
the effect will be introduced. When considering the response of a material
to an electric field ~E, the polarization is given by

~P = ε0χ~E = ε0(ε− I) ~E (8)

where ε is the dielectric tensor of the material, fully describing the optical
response. For an isotropic material with magnetization ~M , the dielectric
tensor is as follows:

ε =

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

 . (9)

The diagonal elements are magnetization-independent, where εij is related
to the magnetization in the direction î× ĵ. If only a magnetization along the
wave propagation direction ẑ is present, the dielectric tensor reduces to
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Figure 7: The MOKE rotates the polarization plane and adds a slight ellip-
ticity to the polarisation.

ε =

 εxx εxy 0
−εxy εxx 0

0 0 εxx

 . (10)

The two eigen modes of the tensor are left-handed and right-handed circularly
polarized waves. Since the dielectric constants for both modes are different,
a linearly polarized wave will undergo a complex modulation. Using Fresnell
reflection coefficients, the complex rotation can be calculated [2] and is given
by

~Φ = θ + iε =
εxy√

εxx(εxy − 1)
(11)

where the change in both rotation and ellipticity of the polarization of the
reflected light is represented as a vector. The Kerr vector is defined as ~Φ =
θ+ iε = Ωeiξ, with θ the Kerr rotation, ε the Kerr ellipticity and Ω and ξ the
Kerr amplitude and angle, respectively. An example of a complex Kerr vector
is depicted in figure 8a. If one measures the Kerr rotation or Kerr ellipticity,
this is represented by the projection of the Kerr vector on respectively the
θ- or ε-axis.
Several MOKE situations are distinguished:

• Polar MOKE, where the magnetization is perpendicular to the surface
(out-of-plane);
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(a) An example of a complex
Kerr vector.

θ

ε

θ

ε

Φ

Φ

Φ

(b) An example of a complex
Kerr vector composed of smaller
Kerr vectors. The smaller Kerr
vectors represent the contribu-
tions from the different layers in
a sample, while the effect of the
whole sample is represented by
the total Kerr vector.

Figure 8: Examples of Kerr vectors in the ε, θ plane

• Longitudinal MOKE, where the magnetization is parallel to the surface
(in-plane) and in the plane of incidence;

• Transversal MOKE, where the magnetization is parallel to the surface
(in-plane) but perpendicular to the plane of incidence.

MOKE is only sensitive to magnetizations in the propagation direction of the
wave. This means that different setups are required for different situations.

For the measurements presented in this report, bilayer samples have been
used. When considering a bilayer sample, the MOKE remains the same.
There are, however, two layers that contribute to the Kerr effect. Both lay-
ers give the polarisation plane of reflecting light a rotation and both add an
ellipticity to linearly polarised light. This comes down to the Kerr vectors
~Φ being added, as is visualized in the ε, θ plane in figure 8b. Note the Kerr
vectors of different layers most likely have different Kerr angles, but do not
necessarily do have so. If one wishes to measure only the contribution of

17



one layer to the rotation or ellipticity of the polarisation plane, one should
somehow make the projection of the kerr vector of one layer on either the
rotation or ellipticity axis vanish - for instance, by rotating the measuring
axes. How this can be done will be discussed after introducing the MOKE
setup conventionally used.

3.2 Static MOKE setup

The setup conventionally used to determine the magnetical properties of a
sample with the MOKE is as follows. A laser beam (in this case a He-Ne
laser) is aimed and focussed at the sample with the aid of some mirrors and
lenses. A polarizer (’P’) is placed in the laser beam before the sample, lin-
early polarizing the beam and another polarizer (the Analyzer, ’A’) is added
after the sample, crossed with P. The beam is aimed and focussed at a Si-
amplified detector ’D’. Due to the crossed polarizers, the signal at detector
D is proportional to the change in polarization rotation which is in its turn
proportional to the magnetization. This is the most basic setup possible
to measure the magnetisation of the sample with MOKE. However, optical
adjustments involving the use of a quarter wave plate have to be made in
order to measure the Kerr ellipticity instead of the rotation. Furthermore,
the signal detected at D with this setup is not optimal; it has a significant
polarization-independent background and is not very sensitive to the mag-
netization.

A better result is acquired by adding a photoelastic modulator (PEM) to
the setup, guiding the beam through it after polarizer P. The PEM is in
fact a birefringent crystal with piezo elements attached. The piezo elements
compress the crystal in one dimension at a resonance frequency f , thereby
creating a periodic change in the phase difference between the components
of a laser beam passing through it. It is shown [2] that the signal measured
by D consists of a static component and some components oscillating with
the PEM frequency f , its second harmonic and some higher order harmonics
we’re not interested in:

V = Vstatic + V1f + V2f + Vho (12)

Using Jones formalism, the effect of the optical components and their effects
on the laser beam can be calculated. The first and second harmonics of the
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Figure 9: Schematic overview of the MOKE setup conventionally used to
perform static measurements. Note the laser L, polarizer P, the PEM, sample
S, the analyzer polarizer A and detector D. Lenses (+) are used to focus the
beam on the sample and the detector. Around the sample S a magnetic field
is present in order to be able to measure the hysteresis loops.

detector signal are given by

V1f = 2VstaticJ1(A0)ε cos Ωt
V2f = 2VstaticJ2(A0)θ cos 2Ωt

(13)

The signals can be measured using a lock-in amplifier (LIA) with a reference
f . Thus, both ellipticity and rotation can be measured by setting the lock-in
amplifier to first or second harmonic respectively. A schematic display of the
complete setup conventionally used to perform static measurements is shown
in figure 9.

As explained in section 3.1, the MOKE setup is the most sensitive for mag-
netizations in the direction of the laser beam. Therefore, it is important to
adjust the angle of incidence accordingly. When, for example, measuring a
magnetization directed out of the sample surface plane, the laser has to be

19



aimed perpendicular to the surface to obtain the maximum sensitivity.

3.3 Time Resolved MOKE

In this report, the magnetic response of ferromagnetic materials after a fem-
tosecond laser pulse is investigated. The magnetisation of a sample can
ideally be measured with MOKE as decribed before. However, since the
processes we want to study occur at ultrashort timescales, measuring the
time-resolved signal is not trivial. In order to study dynamic magnetisation
processes, the MOKE setup is slightly extended. Usually the same pulsed
laser is used to both heat the sample and to study the magnetisation. The
beam is split in a weak beam (about 5 percent of the total power) and a
powerful beam. The weak beam is used to probe the sample and study the
magnetisation and is therefore called the probe beam, while the powerful
beam used to excite the material is called the pump beam.

MOKE adds a slight rotation and ellipticity to the laser beam, but when the
probe pulse arrives at the detector, it only contains information about the
magnetisation in the short period of time in which the laser pulse reflects off
the sample. By having the probe pulse arrive at the sample at a slightly later
moment than the pump pulse, information about the magnetisation on that
moment is acquired. In order to be able to measure the magnetisation for
different delays, a delay line is used which increases the traveling distance,
and with it the time required for the pulse to reach the sample. With such
a delay line, different delay times can be ’scanned’ in order to meaure the
magnetisation at different delays in respect to the pump pulse, thereby cre-
ating a time-resolved signal.

A mechanical chopper is used to block the pump beam with a frequency of
60 Hz. The signal from the lock-in amplifier as used in the static setup is
now fed into a second lock-in amplifier, with the chopper frequency as refer-
ence. The second lock-in amplifier measures the part of the MO signal that is
pump-induced, thereby acquiring a better signal-to-noise ratio. A complete
overview of the conventional setup described is shown in figure 10.

The signal measured at the second lock-in detector is modulated by both the
PEM and the chopper. Due to the pump-probe delay we gain the ability
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Figure 10: Schematic overview of a conventional TR-MOKE setup. Courtesy
to Wouter Verhoeven

to measure magnetization traces over certain amounts of time. What is
actually measured at the second lock-in amplifier depends on the settings of
both lock-in amplifiers, all the modulation techniques used and of course on
the signal we actually want to measure. As Verhoeven has shown [12], it is
possible to relate the signal measured at the second lock-in to the saturation
magnetization measured with the first lock-in amplifier:

D(t)

Msat

=
πSL2(D

′+(t)−D′−(t))

10 ·
√

2 · 2Msat

(14)

with SL2 the sensitivity of the second lock-in, D′+(t)−D′−(t) the difference
of the signals measured at the second lock-in at positive and negative fields
and Msat the saturation magnetisation measured with the first lock-in.

As stated before, if the projection on either the rotation or ellipticity axis
of the kerr vector of one layer is tuned to zero, only a contribution from the
other layer to the rotation or ellipticity respectively can be measured. In this
case, it is done by rotating the measurement axes with a quarter waveplate.
The modified setup used to measure layer-specific magnetisation is described
in the next section.

3.4 Layer-specific measurements

As J. Hamrle et al. demonstrated, it is possible to rotate the measurement
axes with a Bobinet-Soleil compensator by retarding one of the components
of the polarized light [3]. A similar effect can be achieved with a quarter wave
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plate. As the optics of the MOKE setup are relatively simple, the effect of a
quarter wave plate on the setup can be calculated with Jones formalism as
follows.
The most important operator in these optical calculations is the rotation
matrix, which is as follows:

R(α) =

[
cosα sinα
− sinα cosα

]
. (15)

The laser bundle is polarized first in the experiment. The Jones matrix of a
polarizer at an angle α is given by

P (α) = R(α)

[
1 0
0 0

]
R(−α). (16)

The Jones matrix of the photoelastic modulator (PEM) at angle α is:

PEM(α) = R(α)

[
1 0
0 eA

]
R(−α) (17)

where A = A0 cos Ωt′.

A quarter wave plate at an angle α is described by:

Q(α) = R(α)

[
1 0
0 i

]
R(−α) (18)

The Jones matrix of the sample is:

S =

[
1 θ + iε

−θ − iε r1 + ir2

]
(19)

where ε and θ are the ellipticity and rotation added by the sample to the
polarisation of the laser beam.

By sending unpolarised light through the first polarizer ’P’ with angle αP ,
the electric field vector of the laser beam becomes

F (αP ) =

[
cos(αP )
sin(αP )

]
(20)
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Empirically, we determined that the optimal position for the quarter wave-
plate is between the PEM and the first polarizer. The intensity of the laser
beam at the detector is thus given by the following expression:

ID = I
(
P (0)S PEM(0)Q(α)F

(π
4

))
(21)

where ID is the intensity of the laser beam measured at the detector D and
I is a function to calculate the light intensity of the beam from its Jones
vector, defined as I = ~E† ~E. This gives an expression for the detector signal,
depending on the QWP angle in the following form:

ID = a+ Vf sin(A) + V2f cos(A) + Vhf (22)

where the sine and cosine terms are proportional to the f and 2f signals on
the LIA, respectively. Given the expression resulting from equation 21, the
signals measured at the first lock-in amplifier with reference frequency f or
2f can be expressed as(

Vf
V2f

)
=

(
1
2
(cos(4α)− 1) − cos(2α)
− cos(2α) −1

2
(cos(4α)− 1)

)(
ε
θ

)
= A ~Φ (23)

where α is the quarter waveplate angle and Vf and V2f are the first and
second harmonic signals measured at the lock-in amplifier. As follows from
expression 23, the first and second harmonics are no longer proportional to
ε or θ, but are now linear combinations of both ε and θ. The expressions for
Vf and V2f can also be written conveniently in terms of Ω and ξ, instead of
ε = Ω sin ξ and θ = Ω sin ξ. Note that the quarter wave plate modifies the
signal, but does not purely rotate it. The modified signal is rotated, mirrored
and scaled. For a QWP angle α = π

2
, the rotation and ellipticity signals are

swapped. For α = π
4
, nothing changes for Vf , but the sign of the signal swaps

for V2f in respect to the situation without QWP. The effect of a quarter wave
plate can be visualised better by plotting the effect in the Kerr plane. In fig-
ure 11, an arbitrary Kerr vector is displayed with the Kerr vectors resulting
from a quarter wave plate at different angles. Note that the QWP rotates
the original vector, but also mirrors it and modifies its magnitude.

To investigate at what quarter waveplate angle α the Kerr signal of one layer
is removed from the MO signal, the roots of equation 23 can be calculated.
Figure 12 displays the roots of both Vf and V2f as function of Kerr angle
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α = 0, α = π
α = π/4

α = π/2

Figure 11: Kerr vectors before and after the QWP for different QWP angles
α. The figure demonstrates the rotating influence of the QWP on the Kerr
vector.

θ. Note that for every Kerr angle, there is at least one quarter wave plate
angle that results in one layer not being visible in the MO signal. This means
that if both layers have different Kerr vectors, layer-specific measurements
are possible in every situation with the addition of a quarter wave plate to
the setup.
In the next chapter, a proof of principle will be given in the form of measure-

ments on a sample. Then, we will try to observe spin current by performing
measurements on the same sample as Rudolf et al.
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Figure 12: The roots of equation 23, for both first harmonic Vf (dashed) and
second harmonic, α vs ξ. Note that for every value of ξ there is a QWP angle
α so that one of the MO signals is 0.

4 Results and discussion

To prove that the MOKE-based setup as introduced before can indeed be
used to perform material-specific measurements, experiments on different
samples are performed. These are explained in this chapter. The results
of these experiments are presented and discussed. Measurements have been
performed on two samples, a CoNi/Co sample and a Ni/Fe sample. In the
next section, the properties of the CoNi/Co sample and the results of the
measurements on the sample in question are presented and discussed. Then,
the Ni/Fe sample will be discussed likewise. Finally, the measurement tech-
nique will be discussed and future prospects and further research suggestions
will be given.

4.1 Proof of principle: in-plane / out-of-plane mag-
netic bilayer



Figure 13: Schematic
overview of the sample
used. The CoNi and
Co layers are shown,
separated by a Copper
spacer layer. Arrows
indicate preferential
magnetization axes.
Not actual size.

In order to check whether the layer-specific MOKE
setup as described before has the expected effect on
measurements, static measurements are performed
on a sample consisting of a Co layer with an in-
plane preferential magnetization axis, and a CoNi
layer with an out-of-plane preferential axis. The
layers are separated by a Cu spacer layer. The sam-
ple is grown on and topped off by a Pt substrate.
A schematic overview of the sample is shown in fig-
ure 13. The layers are not coupled magnetically.
Because of surface anisotropy, as discussed in the
theory section, the preferential magnetization direc-
tion of the CoNi layer is perpendicular to the layer
surface, or out-of-plane. The preferential magneti-
zation direction of the Co layer is parallel to the
layer surface, or in-plane. The different magnetiza-
tion axes give both layers different magnetic proper-
ties, making it easier to distinguish each layer in the
measurements. In the next section, static measure-
ments on the sample will be explained and discussed. Then, time-resolved
measurements are introduced and discussed.

4.1.1 Static measurements

By applying a magnetic field on the sample in a nearly in-plane direction,
both layers will magnetize along the preferential axis. By changing the po-
larity of the external magnetic field, the magnetization direction will switch
along the preferential direction. Because the out-of-plane component of the
field is smaller than the in-plane component, the out-of-plane magnetization
of the CoNi layer will switch at higher field strengths. The magnetization
switch of both layers should thus be visible at different field strengths in a
hysteresis loop.

Hysteresis measurements with a traditional MOKE setup as shown in in fig-
ure 15 confirm that the magnetization of the out-of-plane layer does indeed
switch at a higher field strength than the in-plane layer. Hysteresis loops
measured with the static MOKE setup as described in chapter 3 at different
quarter wave plate angles show that the magnetization switch magnitude
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1st harm. (rad) 2nd harm. (rad)
ξCoNi 0.71± 0.04 0.76± 0.05
ξCo −1.15± 0.02 −1.18± 0.04

Table 1: The Kerr angles following from fitting of the experimental data
shown in figure 16.

does indeed change with the quarter wave plate angle. With most quarter
wave plate angles, both layers can be seen switching, as is shown in the graph
of figure 14. At certain quarter wave plate angles however, either the in-plane
(Co) or the out-of-plane layer (CoNi) magnetization switch is not visible in
the hysteresis loops. This is visible in hysteresis loops measured with the
quarter wave plate at an angle of i.e. 20 degrees, where the in-plane layer
is not visible, or 60 degrees, where the out-of-plane layer vanishes. Both
hysteresis loops are shown in figure 15.

The hysteresis loops can be fitted phenomenologically with a function con-
sisting of two error functions, each error function corresponding with the
magnetization switch of one layer:

M(H) = a1 erf (b1H + c1) + a2 erf (b2H + c2) + b3H + a3 (24)

where a1 and a2 are the magnetization switch magnitudes of either layers, b1
and b2 are quality factors determining the width of the switch, b3 represents
a term to correct for linear effects and c1 and c2 the switching field strengths
of each layer. Fitting the hysteresis loops measured with the quarter wave
plate at different angles with function 24 enables us to calculate the magne-
tization switch magnitude of each layer at a certain quarter wave plate angle,
thus calculating the contribution of each layer to the MO signal. In figure
16, a1 and a2 have been plotted versus quarter wave plate angle α to show
the α-dependency of the contribution of each layer to the MO signal. The
equations 23 derived for the contribution of each layer to the first harmonic
Vf and second harmonic V2f of the MO signal as function of quarter wave
plate angle α have been fitted through. The Kerr angles following from the
fits are shown in 1.

As can be seen from the fitted data, the measured contribution of each layer
to the MO signal corresponds with what can be expected from calculations
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Figure 14: Hysteresis loop of a Pt/CoNi/Cu/Co/Pt sample with 50 degree
QWP angle. The magnetization switches of both layers can be seen as hops in
the magneto-optical signal: the Co (in-plane) layer switches around 0 field,
the CoNi layer (out-of-plane) switches at a field strength of ±0.6 a.u.The
arrows show the orientation of the external field and magnetizations of the in-
plane Co (lower) and out-of-plane CoNi (upper) layers indicating the relative
orientation within a specific magnetic field range.
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(a) QWP angle 20 degrees, only out-of-
plane layer visible.
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plane layer visible

Figure 15: Hysteresis loops measured with the quarter wave plate at an angle
of 20 degrees, where the in-plane layer is not visible (a) and 60 degrees, where
the out-of-plane layer vanishes from the signal (b).
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Figure 16: Magnitude of the magnetisation switch of each layer of the de-
scribed Co/CoNi sample, measured with the first harmonic Vf and second
harmonic V2f of the MO signal. Kerr angles for both layers following from
the fits are shown in table 1.
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with Jones formalism as discussed in chapter 3. The Kerr angles following
from the fits are the same for both measurements on the first and second har-
monics of the MO signal, as was expected. The Kerr vectors of both layers
are different though, which is a requirement for layer specific measurements
as stated before.

It can be concluded that the effect of addition of a quarter wave plate to a
traditional MOKE setup is as expected from calculations in chapter 3. The
setup with quarter wave plate makes it possible to make the contribution of
one layer to the MO signal disappear, as is visible in the measurements. In
principle, time resolved measurements are also expected to be possible with
the setup introduced before. In the next section, the time-resolved measure-
ments on the sample in question will be introduced and the results of these
will be discussed.

4.1.2 Time resolved measurements

As concluded in the previous section, the setup as presented before in this
report can be used to measure static layer-specific magnetic characteristics.
Since the setup is similar to the setup used to measure time-resolved mag-
netization dynamics, the latter is also expected to be able to measure layer-
specific. Since a laser with a different wavelength is used, the quarter wave
plate angles required to make the contribution to the MO signal of either
layer vanish are expected to be different than in the situation with the static
setup. In order to find the quarter wave plate angles α in question, first a
static measurement is performed with the time-resolving setup modified with
the quarter wave as discussed in chapter 3. The resulting hysteresis loops are
fitted with an error function as described in the previous section. Since polar
MOKE is used, the contribution of the in-plane Co layer is extremely small
however compared to the contribution of the CoNi layer, making it hard to
fit in an error function through the magnetization switch of Co. In order
to find out at what angle the quarter wave has to be to make either layer
vanish, the contribution of just the CoNi layer to the MO signal is plotted
against the quarter wave plate angle α in figure 17. Expression 23 has been
fitted through the data to show consensensus with the theory.

From the measurements shown in figure 17 can be concluded that the contri-
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Figure 17: Magnitude of the magnetisation switch of the out-of-plane CoNi
layer of the described Co/CoNi sample, measured with the first and second
harmonic of the MO signal. Expression 23 has been fitted through the mea-
sured data. The roots mark the QWP angle where the contribution of the
CoNi layer vanishes from the MO signal.

bution of the out-of-plane CoNi layer vanishes from the first harmonic of the
MO signal at four different quarter wave plate angles and from the second
harmonic at two different QWP angles.

A time-resolved trace measured at a positive and a negative magnetic field
with the quarter wave plate at an arbitrary angle is shown in figure 18.
The trace of the measurement at negative external field is subtracted from
the trace at positive external field to eliminate all non-magnetic background
signals from the traces. The calculated trace shows demagnetization and
the precession oscillations as discussed in theory. Both layers precede at
different frequencies, causing interference patterns. When turning the quar-
ter wave plate, other traces are measured, indicating that the contribution
of either layer to the interference pattern changes. At specific quarter wave
plate angles, precession oscillations with one specific frequency are measured.
Measurements at two specific quarter wave plate angles are shown in figure
19. These time-resolved traces both show damped oscillations with just one
frequency and are measured at one quarter waveplate angle α calculated
from the static measurements discussed previously, and one found empiri-
cally. Since both layer precess with different frequencies, the fact that in
these measurements a precessional motion with just one frequency is visible
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Figure 18: Time-resolved trace of the magnetization of the Co/CoNi sam-
ple at QWP angle α = 108◦, measured with positive and negative external
field. To eliminate non-magnetic background, the signals are substracted.
Precessional oscillations with different frequencies are visible, thus causing
interference patterns.
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(b) QWP angle α = 73◦, only fast os-
cillation visible

Figure 19: The time-resolved magnetization traces of the Co/CoNi sample
at two different QWP angles, where either one of the layers is invisible.

means that the signal from only one layer is visible in these measurements.

Magnetization traces measured with the quarter wave plate at different an-
gles can be fitted phenomonelogically with an expression consisting of two
damped sines and three terms to describe the initial demagnetization:

M(t) = a1 exp (− t

tep
) +

a2√
t+ t0

+ a3 exp (− t

th
) + a4 exp (− t

td1
) sinω1t+ φ1

+a5 exp (− t

td2
) sinω2t+ φ2 + b

(25)

where the a1, a2 and a3 terms describe the initial demagnetization and a4 and
a5 represent the contribution of the damped sines with respective frequencies
ω1 and ω2. The sines damp out exponentially with a decay time of td1 and
td2, respectively. Thus, when fitting the traces with this expression, a4 and
a5 represent the contribution of either layer to the MO signal. In figure 20,
the contributions a4 and a5 resulting from fits at different quarter waveplate
angles have been plotted against quarter waveplate angle α.

Figure 20 shows that the contributions of either layer depend on the quarter
waveplate angle. Both layers have roots, so either layer can be removed from
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Figure 20: The contribution of both layers to the MO signal, determined by
fitting equation 25 into time-resolved magnetization trace meaurements at
different quarter waveplate angles.
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the MO signal. The shape of the graph of the CoNi layer corresponds to the
one measured with the static setup shown in figure 17. The polarity is differ-
ent however. This can be explained with the phase of the damped sines: if
the phase is retarded 180◦, the amplitude changes polarity. From these mea-
surements it can be concluded that the MOKE setup modified with quarter
waveplate as discussed in chapter 3 can indeed be used to measure material-
specific time-resolved magnetization traces. This is an important conclusion,
as more complex and meaningful measurements can be performed with this
setup. The contributions of both local thermal effects and superdiffusive spin
transport processes to ultrafast demagnetization as described in chapter 2 is
investigated and discussed in the next section, demonstrating the scientific
significance of the setup.

4.2 Observing spin currents in Ni/Fe

Figure 21: Schematic
overview of the sam-
ple used. The Iron
and Nickel layers are
shown, separated by
a Ruthenium spacer
layer. Arrows indicate
preferential magnetiza-
tion axes. Not actual
size.

As mentioned before, the origin of the mechanism
driving the femtosecond laser pulse induced ultra-
fast magnetization is ambiguous. Rudolf et al. pre-
sented measurements on a Ni/Fe sample, conclud-
ing that superdiffusive spin transport is the process
mainly responsible for the ultrafast demagnetization
[15]. They also measured supermagnetization in the
Fe layer of the sample. Since in the previous section
it has been shown that the MS-MOKE setup can
be used to measure material-specific magnetization
traces, these measurements can also be performed
with the setup in question, hopefully giving new in-
sight on the matter.
The sample consists of two magnetic layers, Fe
and Ni, separated by a spacer layer. A schematic
overview of the sample is displayed in figure 21. As
stated before, the thickness of the spacer layer deter-
mines the RKKY coupling coefficient. Since the be-
haviour of the sample in both parallel and antipar-
allel magnetized is investigated, a negative coupling
coefficient is required, forcing the layers to assume an antiparallel magneti-
zation state without an external field. When a large enough external field is
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Figure 22: A hysteresis loop measured with the MS-MOKE setup. The
quarter waveplate angle is set at 70◦. The measured data have been fitted
with a triple error function. The arrows show the magnetizations of the Fe
(lower) and Ni (upper) indicating the relative orientation within a specific
magnetic field range.

applied, the magnetization of both layers will align along the field, forcing a
parallel situation.

In order to find the quarter waveplate angles where the contribution of either
layer to the MO signal vanishes, static measurements are performed as be-
fore. The resulting hysteresis loops are fitted with a triple error function, in
order to find out the contribution of each layer to the MO signal as a function
of the quarter waveplate angle. An example hysteresis loop is shown in figure
22, where also the magnetizations of either layers for specific magnetic field
ranges and the triple error function fits are shown. The arrows showing rel-
ative magnetization orientation also indicate the external field ranges where
either antiparallel or parallel situations occur. From the amplitudes of the
fitted error functions, the magnetization switch magnitude of each layer can
be determined as function of quarter waveplate angle. Plotting the switch
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Figure 23: Magnitude of the magnetisation switch of the Fe and Ni layer,
measured with the first harmonic of the MO signal. Expression 23l is fitted
through the measured data and the resulting Kerr angles are shown in table
2.

magnitude against quarter waveplate angle α results in graph 23, analog to
the ones shown before, from which the quarter waveplate angles where either
layer vanishes from the MO signal can be determined.

1st harm.
ξFe −0.36± 0.07rad
ξNi −0.9± 0.3rad

Table 2: The Kerr angles resulting from fitting the data from the layer specific
measurements on the Fe/Ni sample described in this section.

Figure 23 shows that the quarter waveplate angle required to measure the
magnetization of just the Fe layer is 10 degrees and 85 degrees to measure
just the Ni layer, because the contribution of the other layer to the MO
signal is zero. These quarter waveplate angles are used to measure the time-
resolved magnetization traces specifically for each layer. Measurements are
done with both positive and negative external fields. To remove all non-
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1st harm.
ξFe 0.46± 0.06 rad
ξNi −1.39± 0.02 rad

Table 3: The Kerr angles resulting from fitting the data from the time re-
solved layer specific measurements on the Fe/Ni sample described in this
section.

magnetic background noise from the signal, the traces are substracted. The
demagnetization is visible in measurements of both layers. There is however
an artifact visble in the measurements. Peaks, caused by the pump and
probe beams overlapping temporally, are called state-filling peaks and can
be removed from the traces by fitting the traces with an expression for the
demagnetization and the state filling peaks. The expression for the MO signal
caused by ultrafast demagnetization of the sample is derived from a solution
the 3TM differential equations 6 by Dalla Longa [2]. Traces are fitted with
this equation, while the following expression is used to fit the state filling
peaks:

A3
exp−((t− tp1)/s)2

s
√
π

+ A4
exp−((t− tp2)/s)2

s
√
π

. (26)

This expression represents the Gaussian terms required to fit the state filling
peaks. In the expression, s represents the laser pulse length, tp represents the
peak moment and t stands for the ellapsed time. Removing the state-filling
peaks from the measurements is done by substracting the fit results of equa-
tion 26 from the measured data. In order to compare the demagnetization
of both layers, the measurements have to be normalized since the scale is
now quite arbitrary. From the hysteresis loops, the total magnetic moment
in arbitrary unit can be derived for each individual layer. The demagneti-
zation can now be expressed as a percentage of the total magnetization the
concerning layer. The arbitrary units of the hysteresis loops do not repre-
sent the same scale as the arbitrary units of the time resolved traces do. To
correct this, the settings of the second lock-in amplifier in the setup as de-
scribed before matter. To correct for both RMS values and the amplification,
expression 14 is used.
As stated before, to investigate the process responsible for the ultrafast de-
magnetization, both parallel and antiparallel oriented magnetization situa-
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Figure 24: The layer- and time-resolved magnetization traces of the Fe/Ni
sample in parallel and antiparallel situations. The demagnetization is visible
and has been normalized to the total magnetic moment of the specific layer.
State filling peaks are removed.

tions of each layer have to be compared. In figure 22, arrows indicate the
relative magnetization orientations of the Fe (lower) and Ni (upper) layer
within a specific magnetic field range. From this graph can be derived which
external field strengths are required to create a situation with either an an-
tiparallelly or a parallelly oriented magnetization. In figure 19, layer- and
time resolved normalized magnetization traces in both parallel and antipar-
allel situations are shown for each layer. The state filling peaks have been
removed from these traces as discussed before.

The measurements in figure 24 show that the normalized demagnetization of
the Ni layer is stronger than the Fe layer demagnetization in both parallel
and antiparallel situations. The demagnetization of Nickel in the antipar-
allel situation is bigger than in the parallel situation. For the Iron layer,
the opposite seems to be the case, however the difference between the two
situations is relatively smaller than in the case of Nickel. We can state that
superdiffusive spin transport plays a role in these demagnetization of Nickel,
because the efficiency of the demagnetization is significantly different in both
cases.

Considering just the superdiffusive spin transport, the demagnetization in

39



Nickel can be explained qualitatively. Excited majority spins from the Fe
layer enter the Ni layer, becoming minority spins in the antiparallel case,
thus lowering the magnetization. In the parallel case, majority spins add
up to the magnetization, raising it. In both cases, the number of majority
spins leaving the Ni layer is the same, having no influence on the difference
between the magnetization in each case. As can be concluded from the fact
that the difference between the demagnetizations of Nickel in parallel and
antiparallel situations is significantly greater than the difference between the
degmagnetizations in Iron, majority spins fleeing from the Nickel layer have
less influence on the Iron layer than the majority spins from the Iron layer
have on the Nickel layer, should only superdiffusive spin transport play a
role. This would mean that fewer majority spins are excited in the Nickel
layer compared to the Iron layer. It is of course possible that, despite care-
ful preparations, the quarter waveplate angle is slightly erronous, causing
influence from the Nickel layer to be visible in the Iron layer measurements.
These measurements should be repeated in order to verify this.
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5 Conclusions

In 1996, Beaurepaire et al. measured demagnetization of Nickel on picosec-
ond scale after exciting the material with femtosecond laser pulses. Since
this is one of the fastest magnetic transition processes known, investigation
could be interesting for development of magnetic storage devices. There have
been two tendencies in explaining the process: local heat dissipation to the
lattice and or superdiffusive spin transport. Interactions between different
magnetic materials are interesting for investigating potential superdiffusive
spin transport. However, the setups required to measure material specific
magnetic effects on picosecond timescale are expensive and complicated. In
this report, a novel MOKE based measuring method capable of measuring
material specific magnetization is introduced. A number of experiments has
been performed on two different samples. The purpose of these experiments
is two-fold: the first set of measurements were performed on a CoNi/Co sam-
ple in order to prove that the setup as introduced in this report is indeed
capable of measuring material-specific magnetization, while the second set of
measurements, performed on a Fe/Ni sample, were purposed for showing the
scientific significance of the novel method by investigation the role of spin
transport in ultrafast femtosecond laser pulse demagnetization.

Static measurements on the CoNi/Co sample show that adding a quarter
waveplate to the setup indeed makes it possible to filter out the contribu-
tions of either layer to the MO signal. Time-resolved measurements with
the modified setup on the CoNi/Co sample show precessional motions as
expected. Since both layers precess with difference frequencies, the contri-
bution of each layer to the TR-signal can be measured by fitting the traces.
Doing so results in a quarter waveplate dependency of the contributions of
each layer to the MO signal, corresponding with behaviour as calculated with
Jones formalism. These experiments prove that the MOKE setup as intro-
duced in this report can indeed be used to measure magnetic effects both
time-resolved and material specific.

The setup is then used to measure femtosecond laser induced ultrafast de-
magnetization in Fe/Ni in order to find out to what extend superdiffusive
spin transport plays a role in the demagnetization process. Measurements
show the relative demagnetization of Nickel is greater than the relative de-
magnetization of Iron. Since a significant difference between parallelly and
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antiparallelly oriented layer magnetizations is visible in the Nickel demagne-
tization traces, it can be concluded that demagnetization in the Nickel layer
is influenced by superdiffusive spin transport. Traces of the Fe layer also
show different demagnetization magnitudes at parallel and antiparallel situ-
ations, but the difference is significantly smaller than the difference visible
between the Nickel traces. A tiny contribution of the Nickel layer to the MO
signal could still be visible in the signal. Whether the demagnetization is
purely caused by the local disappearance of excited majority spins or also by
heat locally dissipating to the lattice, thereby interacting with the lattice, is
uncertain. Further experiments should be conducted to verify this. Unlike in
the measurements from Rudolf et al. on Fe/Ni samples [15], we see no super-
magnetization, just demagnetization. A different laser fluence is used though.

From these experiments can be concluded that the role of superdiffusive spin
transport in the measured situation is ascertainable. These experiments give
no certainty in the discussion whether the demagnetization is purely a conse-
quence of either thermal effects or transport processes. The conducted exper-
iments have however been performed with a novel MOKE based measuring
method that is both cheaper and easier to use than competing measuring
methods used conventionally. This makes follow-up experiments more acces-
sible, hopefully giving this research area a boost.
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Appendix A: optical calculations

In order to calculate the theoretical outcome of an experiment, the voyage
of the electromagnetical wave through its path of optical components can
be described using Jones formalism. The optical components used in the
experiment and their respective Jones matrices are described in the section
below.

Describing MOKE with Jones formalism

The most important operator in optics is the rotation matrix, which is as
follows:

R(α) =

[
cosα sinα
− sinα cosα

]
(27)

The laser bundle is polarized first in the experiment. The Jones matrix of a
polarizer at an angle α is given by

P (α) = R(α)

[
1 0
0 0

]
R(−α) =

[
cos2 α − cosα sinα

− cosα sinα sin2 α

]
(28)

As follows the Jones matrix of the photoelastic modulator (PEM) at angle α

PEM(α) = R(α)

[
1 0
0 eA

]
R(−α) =

[
cos2(α) + eiA sin2(α) (−1 + eiA) cos(α) sin(α)

(−1 + eiA) cos(α) sin(α) eiA cos2(α) + sin2(α)

]
(29)

where A = A0 cos Ωt′.

A Quarter wave plate at an angle α behaves as follows:

Q(α) = R(α)

[
1 0
0 i

]
R(−α) (30)

The Jones matrix of the sample:

S =

[
1 θ + iε

−θ − iε r1 + ir2

]
(31)

where ε and θ are the ellipticity and rotation applied by the sample to the
polarisation of the laser beam.
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By sending unpolarised light through the first polarizer ’P’ with angle αP ,
the electric field vector of the laser beam becomes

F (αP ) =

[
cos(αP )
sin(αP )

]
(32)

Now, if the experiment is recreated in theory, the following expression should
be evaluated:

ID = I(P (0)S PEM(0)Q(α)F (
π

4
)) (33)

where ID is the intensity of the laser beam measured at the detector D and I
is a function to calculate the intensity of a wave from its Jones vector defined
as I = ~E† ~E. This delivers an expression for the detector signal, depending
on the QWP angle in the following form:
ID = a+V2f cos(A) +Vf sin(A), where the sine and cosine terms are propor-
tional to the f and 2f signals on the LIA, respectively. Thus, the measured
signals can be expressed as

Vf = −θ(1

2
(1− sin4 α− cos4 α) + 3 sin2 α cos2 α) + ε(sin2 α− cos2 α) (34)

V2f = ε(
1

2
(1− sin4 α− cos4 α) + 3 sin2 α cos2 α) + θ(sin2 α− cos2 α) (35)

or (
Vf
V2f

)
=

(
1
2
(cos(4α)− 1) − cos(2α)
− cos(2α) −1

2
(cos(4α)− 1)

)(
ε
θ

)
= A ~ΦΦΦ (36)
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