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Abstract 

The magnetization in ferromagnetic nanoscale structures can be quenched by 
laser light. In this experiment a CojPt multilayer sample is used to study 
the dynamics of the laser induced demagnetization. This sample has two 
ferromagnetic layers separated from each other by a non-ferromagnetic Pt 
layer. The three temperature model is used to analyze the results. These 
results are compared to the predictions of the microscopie three temperature 
model to derive if heat diffusion from the first to the second layer takes place. 

The magnetization directions in the ferromagnetic layers can be parallel 
and anti-parallel. Both proved to be stable. 

Static MOKE measurements are performed on the sample to measure 
hysteresis loops. The attenuation depth of the laser used in the experiment 
is determined from these loops. It is about 16 nm. 

The demagnetization traces are measured using a TR-MOKE setup. In 
both ferromagnetic layers the demagnetization time and maximum quench
ing of the magnetization are measured. This is done at various thicknesses 
of the intermediate Pt layer thanks to its wedge shape. The results proved 
that heat produced in the first ferromagnetic layer diffused to the second 
ferromagnetic layer and caused demagnetization of that layer. 
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Chapter 1 

Introduetion 

The research field of spintronies combines the electric and spin properties of 
electrans for use in information transmission and starage devices. It began 
with the discovery of the Giant Magneto Resistance (GMR) by Peter Grün
berg [1] and Albert Fert [2]. The electric resistance in a ferromagnetic ma
terial, which has a net magnetization, depends on the spin direction of the 
electrans ftowing through. 

This experiment focuses on the magnetization dynamics in ferromag
netic layers. These layers can be demagnetized by (pulsed) lasers. The 
three temperature model (3TM), introduced by Beaurepaire et al. [3], is a 
phenomenological model that describes the dynamics of such a demagnetiz
ation. However it does not take the conservation of angular momenturn into 
account. The microscopie three temperature model (M3TM), introduced by 
Koopmans et al. [4] is a microscopie implementation of the 3TM. It not only 
conserves angular momentum, but also prediets how the demagnetization 
dynamics depend on the ftuence of the laser. 

The heat produced with laser induced demagnetization can diffuse through 
the materiaL This experiment focuses on to what extend the heat can cause 
demagnetization in another part of the materiaL A Co/Pt multilayer sample 
is used for the measurements. First a MOKE setup is used to measure hyster
esis loops. The loops are used to determine the attenuation depth of the laser 
in the sample. Next a TR-MOKE is used to measure the demagnetization 
dynamics. An equation that is derived from the 3TM is used to determine 
the characteristic demagnetization time and the maximum queuehing of the 
magnetization. The results of these measurements are compared with the 
prediebons of the M3TM. 

In the next chapter the 3TM is described. The following chapter de
scribes the experimental setup and the used measuring methods. The res
ults are presented and discussed in the next chapter. The conclusions of this 
experiment can be found in the final chapter. 

1 
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Chapter 2 

Theory 

In this chapter the theoretica! background of the experiment is explained. 
First the three temperature model is described. This model can give an 
explanation for the laser induced demagnetization. This is described in the 
next section. 

2.1 Three temperature model (3TM) 

The 3TM is a phenomenological description of the interactions between elec
trans ( e), phonons (p) and spins (s) in a ferromagnet. These three subsystems 
have a temperature (T) and a heat capacity (C) associated with them. They 
are all internallyin equilibrium, but they can exchange heat with each other. 
The system is described by the following equations [3, 5, 6]: 

(2.1) 

(2.2) 

(2.3) 

The coupling constants Gep, Ges and Gsp determine the rate of heat flow 
between the subsystems. An external heat souree like a laser beam is rep
resented by the function P(t). The magnetization can be incorporated into 
the model by using the Curie-Weiss law [7] which associates a magnetization 
to the spin temperature. 

2.2 Demagnetization with a pump laser 

The magnetization in a sample can be influenced by a laser beam. The 
laser beam demagnetizes the sample. The 3TM accurately describes the 

3 
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Figure 2.1: The theoretical TR-MOKE response to a Gaussian pulse (blue 
solid) and a delta pulse (green dotted). The maximum of the pulses occur 
at timet= 0. 

demagnetization versus time. The following equation can be derived from 
the 3TM: 

I:!..Mz(t) 

Mo,z 

(2.4) 

Several assumptions have to be made in order to derive this formula. First 
assume that Te raises instantaneously ( neglecting electron thermalization). 
In the limit of low laser fiuence Ce and Cp can be considered constant. The 
spin heat capacity is neglected Cs = 0 because Cs « Ce and Cs « Cp. 
These assumptions lead to a 2TM that can be solved analytically. The spin 
temperature is reintroduced with a rate equation [8]. As mentioned insection 
2.1, the spin temperature can be associated with the magnetization. Two 
additional terms are introduced to describe the heat diffusion and the effect 
of optical artifacts. 

In equation (2.4) - ~MMz(t) represents the relative change in magnetiza-
o,z 

tion as a function of time. The term f(t) represents the laser beam intensity. 
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In this experiment this function is a gaussian. In figure 2.1 a typical demag
netization trace is shown. 8 ( t) is the step function and 8 ( t) is the Dirac 
delta function. TM is the demagnetization time. Both the spin - phonon and 
the spin - electron interactions contribute to TM. It determines how fast the 
demagnetization takes place (typically 0.15 ps). TE is the timescale of the 
electron - phonon interaction and determines how fast the remagnetization 
takes place (typically 0.45 ps). To is the timescale of the cooling by heat dif
fusion. It is typically one order of magnitude bigger than TE. Therefore the 
magnitude of the demagnetization after a few times TE is mainly determ
ined by the parameter A1. A1 and A2 together determine the maximum 
quenching of the magnetization. 

Equation (2.4) is convoluted ( *) with the laser beam intensity. The re
sponse to a delta peak shows the (unconvoluted) response function. This 
is also shown in figure 2.1 with the same parameters as used before. It is 
possible to define an alternative demagnetization time Tk with this func
tion. First determine the maximum quenching tl.Mmax of the unconvoluted 
function. Starting at t = 0 find the first time when the demagnetization 
reaches 

f:J.M = (1- exp(-1)) · tl.Mmax· (2.5) 

The time when this happens is called T;1. 
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Chapter 3 

Experimental setup and 
methods 

In the experiment the magneto-optic Kerr effect is used to measure the mag
netization in the sample. The Kerr effect is related to the Faraday effect. 
The Faraday effect has also to be taken into account. The two effect are 
discussed in the first section. In the next section the setup of the experiment 
is discussed. In the last section the implementation of the measurements is 
descri bed. 

3.1 Kerr and Faraday effect 

The magneto-optic Kerr effect or MOKE is used in this experiment to meas
ure the magnetization of the sample. MOKE is the name of the phenomenon 
that light changes its polarization and ellipticity if it is reflected from a mag
netized surface. The magnitude of the change depends on the magnitude 
and direction of the magnetization. In the related Faraday effect the change 
occurs if the polarized light is traveling through the materiaL 

Consider an isotropie material with magnetization M. In first order the 
dielectric tensor of this material is [9]: 

-Exymy ) 
Exymx · 

Ex x 

(3.1) 

If one considers the magnetization pointing along the z-direction ( M 
M 8 z), equation (3.1) reduces to: 

Ex x 

-Exy 

0 

7 

Exy 

Ex x 

0 
~ )· 

Ex x 

(3.2) 
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Figure 3.1: The static MOKE setup. 'P' indicates the polarizer, 'A' the 
analyzer and 'S' the sample. The magnets are indicated with dashed lines. 

Therefore polarized light undergoes a complex rotation upon reileetion (Kerr 
effect) and transmission (Faraday effect). The complex magneta-optie rota
tion is equal to [6], [8]: 

- fxy 
8 =()+ie= . 

~(Exy -1) 
(3.3) 

where () is the rotation and c is the ellipticity. Generally the magnetization 
is proportional to the Kerr rotation è [5]: 

È>=F·M 
' 

(3.4) 

where F can be determined experimentally. The Faraday rotation (3 is pro
portional to the magnetic field component in the direction the light travels: 

(3 = dv · B, (3.5) 

where d is the distance traveled through the material and v is the Verdet 
constant. 

3.2 MOKE setups 

Actually two different setups are used during the experiment. The first setup 
is used to perfarm static MOKE measurements. The static MOKE meas
ures hysteresis loops. The second setup, using different equipment, is used 
toperfarm both static and dynamic MOKE measurements. The demagnet
ization traces are TR-MOKE measurements. Both setups are described in 
the following sections. In both setups the same (type of) sample was used. 
This Co/ Pt multilayer sample is described at the end of this section. 

3.2.1 Static MOKE-measurements 

A schematic representation of the setup of the static MOKE experiment is 
given in figure 3.1. The laser beam first passes through a polarizer. Linearly 
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Figure 3.2: The TR-MOKE setup. The pump beam is indicated with the 
thick arrowed line, the probe beam with the thin arrowed line. 'D' indicates 
the delay lines, 'P' the polarizer, 'A' the analyzer and 'S' the sample. The 
magnets are indicated with dashed lines. 

polarized light is needed to observe the Kerr effect because a change in 
polarization is only measurable if the light is polarized before the change. 
Next, the beam passes through the PEM (Photo-Elastic Modulator). The 
PEM consists of a birefringent crystal that is periodically compressed by 
a piezo element. The compression changes the birefringence and therefore 
modulates the polarization with a frequency of 50 kHz. It varies between 
left handed circular and right handed circular polarization. 

After the PEM the laser beam is reflected by the sample. The sample is 
placed between two electramagnets that produce the external magnetic field. 
This field is needed for measuring the hysteresis loops. lts typical range is 
from -0.5 T to 0.5 T. The beam hits the sample almost perpendicular to the 
surface. This setup is called polar MOKE. The ellipticity and rotation of 
the light will be affected by the Kerr-effect. 

Finally the beam passes the analyzer, another polarizer, and arrives at the 
detector. From the output of the detector, both the change in polarization 
angle and in ellipticity angle caused by the Kerr effect are determined using a 
lock-in amplifier. This lock-in amplifier needs the PEM signal as a reference. 
For more details, see appendix A. 

The position of the sample can be changed using a Encoder Mike Con
troller. This makes it possible to measure hysteresis loops at a different 
intermediate layer thickness. 
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Figure 3.3: A cross-section of the sample used for the experiments. The 
wedge-shaped layer varies linearly in thickness from one end of the sample 
to the other end. 

3.2.2 Time-resolved MOKE measurements 

Demagnetization traces can be measured with a dynamic or time-resolved 
MOKE setup. It is similar to that of the static MOKE setup. In the TR
MOKE setup a pulsed laser is used. The gaussian pulses are 70 fs long and 
are repeated with 80 MHz. The wavelengthof the laser is approximately 790 
nm. 

A beam splitter is used to split the beam into a pump beam and a probe 
beam. The beam splitter transmits about 95 % of the light. The transmitted 
light is the pump beam. It is used to demagnetize the sample by pumping 
heat into the system. The probe beam is used to measure the magnetization 
of the sample. Both beams are directed to a delay line. The delay lines 
alters the path length of the beams. In this way a time difference between 
the pump pulse and the probe pulseis created. 

Similar to the static MOKE setup, the probe beam passes a polarizer 
and the PEM before hitting the sample. The sample again is placed between 
electramagnets that create the external magnetic field. The magnetic field is 
necessary for measuring hysteresis loops and for setting the direction of the 
magnetization in the sample. The probe beam is reflected from the sample 
and pass the analyzer before going to the detector. 

After the delay line the pump beam passes a chopper. The chopper 
periodically blocks the pump beam. It is used to increase the signal to noise 
ratio. 

The pump beam hits the sample at the same location as the probe beam. 
As said before the time difference between the arrival of the pump beam and 
the probe beam is set by the delay lines. This makes it possible to measure 
the demagnetization of the sample before, during and after the time of the 
arrival of the pump beam. 
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3.2.3 The sample 

In figure 3.3 a schematic cross-section of the sample is shown. On top of a 
Pt substrate, three Co/Pt multilayers are deposited. These multilayers are 
ferromagnetic, with a magnetization pointing out of plane, i.e. perpendicular 
to the layers and the surface of the sample. The three Co/Pt multilayers 
together are called lower layer. On top of the lower layer, there is a wedge
shaped Pt layer, linearly varying in thickness from 0 nm at one end of the 
sample to 29.4 nm at the other end. The thickness of this layer infiuences 
the hysteresis loop of the sample (see section 3.3.4). A large thickness range 
was used because the exact relation to the hysteresis loops was not known. 
The wedge-shaped layer is called intermediate layer. Above this layer, there 
is a single Co / Pt multilayer of the same type as before. This multilayer 
is called upper layer. On top of the upper layer, there is a Pt layer. The 
magnetic field needed to switch the magnetization is different for the upper 
and lower layer because the lower layer consists of more bilayers than the 
upper layer. The coercive field for the lower layer is higher [10]. 

3.3 Methods 

The static MOKE setup is used to measure hysteresis loops. The hysteresis 
loops show the dependenee of the magnetization in both the upper and 
lower layer on the external magnetic field. The measured loops are used to 
determine the attenuation depth of the laser. They are also used as an aid 
to put the system in a parallel or anti-parallel magnetization configuration. 
How this is dorre is explained in the next sections. 

The TR-MOKE setup is used to measure the demagnetization, caused by 
the pump beam, as a function of time. The characteristic demagnetization 
time and the (relative) maximum quenching of the magnetization in both 
layers are deduced from these measurements. The results is used to show 
whether heat ditfusion takes place from the upper to the lower layer during 
demagnetization. 

3.3.1 Determining the thickness of the intermediate Pt layer 

The first thing to do is to determine the thickness of the intermediate layer. 
It is dorre by determining the positions, as displayed on the Encoder Mike 
controller, where the sample starts and ends. These positions are determ
ined by measuring hysteresis loops. At the sample, the hysteresis loop looks 
normal, but beyond it, the signal only consistsof noise. Because the interme
diate Pt layer has a wedge shape, it is possible to make a linear interpolation 
to calculate the thickness at other places on the sample. 
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Figure 3.4: A typical hysteresis curve as measured in the experiment. This 
is the rotation signal. See section 3.3.2 for an explanation of the parameters. 
The arrows along the curve point in the direction the hysteresis loop is 
measured. 

3.3.2 Measuring the hysteresis loops 

There are two ways of using the Kerr effect to measure the magnetization 
of the sample. Both the change of the polarization angle and the change in 
ellipticity can be measured. Both can be used to measure a hysteresis loop 
of the sample. The two methods are described in the following sections. 

U sing the Kerr rotation angle 

Figure 3.4 shows a schematic hysteresis loop of the sample. On the far left 
and the far right of this graph the magnetization is constant. Here the mag
netization has reached its saturization level. The most notabie characteristic 
of the loop is that the magnetization switches from one direction to the other 
in two steps. This happens because the upper layer switches its magnetiza
tion direction at a lower coercive field than the lower layer (see section 3.2.3). 
Figure 3. 7 shows a hysteresis loop as measured with the rotation change of 
the polarization. 

The Kerr-effect causes a change in the rotation of the polarization of the 
laser beam. However, there is also a (small) contribution from the Faraday 
effect. In this experiment, the effect causes the rotation signal to increase 
linearly with the applied magnetic field. In order to correct for this effect, 
a linear fit is made in the field range where the saturation magnetization 
has already been reached. This linear fit is then subtracted from the data. 
Figure 3.5 shows the Faraday effect on the hysteresis loop. 

At the saturization levels the magnetization in both layers is parallel. At 
the plateaus the magnetization configuration is anti-parallel. The features 
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Figure 3.5: A measured hysteresis loop. The thickness of the intermediate 
Pt layer is 11.7 nm. The loop is not corrected for the Faraday effect. 

of the hysteresis loop are labeled, see again figure 3.4. The half difference 
in signal strength between the two parallel configurations is called TR. The 
height of the plateau is called PR. 

Using the Kerr ellipticity angle 

The ellipticity signal can also be used to measure hysteresis loops. Schem
atically, the measured loops look like figure 3.6. Similar to the case of the 
rotation component, the parametersPE and TE are defined. PEis the height 
of the plateau, while TE is half the total difference in signal between the two 
parallel configurations. 

In figure 3. 7 the ellipticity signal of a hysteresis measurement is plotted. 
It is clearly visible where the switches of the magnetization take place. There 
is also a plateau if the layers are magnetized in opposite directions. As 
explained insection 3.1 the Kerr-signal is proportional to the magnetization. 
In case of the ellipticity component the proportionality constant of the upper 
layer differs in sign from that of the lower layer. If the signal drops when the 
lower layer switches, the signal rises again when the upper layer switches in 
the same direction. This behaviour, which differs from that of the rotation 
signal, proves that the layers are (at least partly) decoupled [11]. 
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Figure 3.6: The typical ellipticity signal of a hysteresis loop of the sample. 
The parameters are explained in section 3.3.2. The arrows point out the 
direction the loop was measured. 
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Figure 3.7: A measured hysteresis loop. The thickness ofthe intermediate Pt 
layer is 5.5 nm. Plotted here are the rotation signal and the ellipticity signal 
versus the external magnetic field signal for both increasing and decreasing 
fields. 
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Figure 3.8: Two hysteresis loops measured at 9.6 nm intermediate layer 
thickness. The black loop is a full hysteresis loop. For the inner loop the 
magnetic field was increased till the plateau was reached. After that it was 
decreased, proving that the anti-parallel configuration is stable at 0 external 
field. 

The anti-parallel magnetization contiguration 

It should be possible to bring the system in an anti-parallel configuration 
magnetization. This means that if the magnetization of the upper layer is 
pointing upward, the magnetization of the lower layer is pointing downward 
and vice versa. This configuration has to be stable. Demagnetization traces 
of parallel and anti-parallel configurations can be combined to extract the 
individual traces of both the upper and the lower layer (see sections 3.3.3 
and 3.3.5). 

Putting the system to an anti-parallel configuration can be dorre in the 
following way: first apply a large magnetic field to fully saturize the mag
netization. Then slowly increase the field in the other direction until the 
plateau is reached. The magnetization of the upper layer has been switched 
to the other direction. Then decrease the field again to 0. 

Figure 3.8 shows such a hysteresis loop. One can see that the anti-parallel 
configuration is still stable if the field is decreased to 0. 
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Figure 3.9: A measured hysteresis loop. The thickness of the intermediate 
Pt layer is 5.5 nm. The signals from the upper layer and the lower layer are 
separated according to the method described in section 3.3.3. 

3.3.3 Distinguishing between upper and lower layer signal 

It is possible to measure the Kerr signal of the upper layer and lower layer 
separately from each other. Combining the results from parallel and anti
parallel magnetization configurations is the most important method in this 
experiment. This method is used to determine the attenuation depth of the 
laser (section 3.3.4). It is also used in measuring demagnetization traces 
(section 3.3.5). Another method is the combining of rotation and ellipticity 
signals. It is used in measuring hysteresis loops. Both methods are described 
in the following sections. 

Using rotation and ellipticity 

The measurements of the rotation and the ellipticity signal can be combined. 
In this way, it is possible to separate the signal of the upper layer from that 
of the lower layer. In case of the lower layer define an aL such that: 

(3.6) 

This matches the magnitude of the switch of the upper layer in the hysteresis 
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loop as measured by the ellipticity signal to that measured by the rotation 
signal. Now the magnetization of the lower layer is proportional to: 

(3.7) 

where R is the rotation component and E is the ellipticity component of the 
Kerr-signal. In the same way define au: 

(3.8) 

This matches the switch of the lower layer. The magnetization of the upper 
layer is proportional to: 

MucxR-auE. (3.9) 

In general, aL and au are not equal to each other. As an example, the 
rotation and ellipticity components of figure 3. 7 are combined and plotted 
in figure 3.9. The proportion of the contributions from the upper and lower 
layer to the Kerr signal is not conserved. 

Using paralleland anti-parallel magnetization configurations 

The magnetization of the sample is out of plane. A parallel configuration 
of the magnetization (both up or both down) is stable. The anti-parallel 
configuration ( one up the other down) is also stable with no external field 
(see section 3.3.2). This means there are four different configurations. The 
Kerr rotation signals of the two parallel configurations are combined by sub
trading one from the other. The same is done for the two anti-parallel 
configurations. The rotation signal from the upper layer or from the lower 
layer is obtained by respectively add or subtract the paralleland anti-parallel 
rotation signals. This methad is used for measuring the attenuation depth of 
the laser (section 3.3.4) and for measuring demagnetization traces (section 
3.3.5). 

3.3.4 Attenuation of the Kerr signal 

If the light of the laser beam travels through a material, the intensity of 
the light will be attenuated. The attenuation on a specific location is pro
portional to the intensity of the light on that same location. The result is 
that the intensity decays exponentially with the distance traveled in the ma
terial. The distance in which the intensity decreases with 1/e is called the 
attenuation depth. 

In the case of a MOKE measurement, the light of the laser beam travels 
from the surface of a sample to a magnetic layer. There the light will be 
reflected and altered by the Kerr-effect. Then the light travels back to the 
surface. If the depth of the magnetic layer (i.e. the distance to the surface) 



18 CHAPTER 3. EXPERIMENTAL SETUP AND METHODS 

is varied and the magnetic contiguration is kept the same, it is possible to 
determine the attenuation depth by measuring the reflected light intensities 
and perform an exponential fit. The attenuation depth will be twice the 
decay constant: 

I = Ia · exp (- ~:) . (3.10) 

Here I is the measured light intensity, t the depth of the layer that reflects 
the light and dA the attenuation depth. I0 is the intensity of the light when 
it first enters the materiaL In this approximation it is assumed that the 
attenuation depth of Co is the same as that of Pt. 

The Kerr signal of the lower layer is attenuated by the layers above. 
The intermediate layer is variabie in thickness. This means that the attenu
ation depth can be determined by measuring the lower layer rotation signal 
(SLR)· This signal can be obtained by combining parallel and anti-parallel 
magnetization configurations: 

SuR (3.11) 

(3.12) 

Here Su R is the upper layer rotation signal. Determining the attenuation 
depth requires measurements of the hysteresis loops at different thicknesses 
of the intermediate Pt layer. From the hysteresis loops TR and PR can be 
determined. Since there are two plateaus there are two PRs. They can be 
combined by averaging the absolute values and then choosing the correct 
sign as defined in figure 3.4. Then an exponential fit of SLR versus thickness 
can be made. 

3.3.5 Measuring demagnetization traces 

Demagnetization traces are measured with the TR-MOKE setup. An ex
ample of a measurement is shown in figure 3.10. The magnetization in both 
layers can point up or down. This makes four different magnetization con
figurations in total; two parallel and two anti-parallel. All configurations are 
stabie without an external field (see section 3.3.2). When measuring demag
netization traces, all configurations can be used. Traces from the parallel 
configurations are combined by subtraction to exclude non-magnetic arti
facts. Since these artifacts are the same in both cases, they are canceled by 
the subtraction. The same can be done with the traces from the anti-parallel 
response. The demagnetization traces from the parallel and anti-parallel 
configurations can be combined to find the traces from the upper and lower 
layers. If comparing a parallel and an anti-parallel contiguration the mag
netization direction in the upper layer or in the lower layer has to be the 
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Figure 3.10: Measured demagnetization traces with paralleland anti-parallel 
magnetization configurations. The wedge shaped intermediate layer is 7.1 
nm thick. 

same. In the other layer it has to be different. Adding the traces from these 
configurations keep the contributions from the layer with the same magnet
ization direction. The contributions from the other layer are canceled. The 
opposite happens if the layers are subtracted. 

Equation (2.4) is used to fit the demagnetization traces. Three fit para
meters should be the same for all fits. Therefore a global fit is used, with 
the three parameters shared. The shared parameters are To, the length of 
the pulse and a time correction for the start of the pulse. The fit para
meters can be used to find the maximum quenching and the characteristic 
demagnetization time TM or TM. 
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Chapter 4 

Results and discussion 

In this chapter the results of the experiment are presented and discussed. 
The first part of the chapter describes the static MOKE measurements while 
the second part describes the dynamic MOKE measurements. Both type of 
measurements are done on the same sample (see section 3.2.3). To remind 
the reader the sample basically consists of two ferromagnetic layers called the 
upper and the lower layers separated by a non-ferromagnetic intermediate 
layer. 

4.1 Static MOKE-measurements 

The first setup is a static MOKE setup. The second setup can be used as 
both a static MOKE and a TR-MOKE setup. The static MOKE setups 
are used for measuring hysteresis loops. The results of the first setup are 
presented in the first section. In the next section the attenuation depth of 
the laser is determined. In the last section the static MOKE results of the 
second setup are discussed. 

4.1.1 Measuring hysteresis loops 

The static MOKE setup is used to measure hysteresis loops with the rotation 
signal. The measurements are taken at 42 different positions on the sample. 
The intermediate Pt layer has different thicknesses at these positions because 
of its wedge-shape (see section 3.2.3). A selection of the hysteresis loops is 
shown in figure 4.1. The loops are selected because they are evenly spread 
over the sample. 

The height of the plateau PR and the total signal difference TR depend 
on the thickness of the intermediate layer. This is mainly caused by the 
attenuation of the laser (see section 3.3.4) and is used to determine the 
attenuation depth. 

21 
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Figure 4.1: Four measured hysteresis loops. The graphs are labeled with the 
thickness of the intermediate platinum layer. 

4.1.2 Determining the attenuation depth of the laser 

For all measured hysteresis loops TR and PR are determined. With the help 
of equations (3.11) and (3.12) the Kerr rotation signal from the upper and 
lower layer are calculated. The results are plotted in figure 4.2. 

As expected the Kerr rotation signal from the lower layer decreases ex
ponentially with a linearly increasing thickness of the intermediate Pt layer. 
The lower layer is located below the intermediate layer. lts rotation signal 
therefore behaves according to equation (3.10). A fit is made for the data. 
This plot is also drawn in figure 4.2. With the help of equation (3.10) the 
attenuation depth is calculated. It is: dA = 14.9 ± 0.4 nm. 

The Kerr rotation signal coming from the upper layer does not vary much 
with the thickness of the intermediate Pt layer. The upper layer is located 
at a fixed distance beneath the surface. Light reflected from the upper layer 
is attenuated with the same amount independent of the thickness of the in
termediate layer. However figure 4.2 shows a decrease of the Kerr rotation 
signal of the upper layer with increasing thickness of the intermediate layer. 
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Figure 4.2: The Kerr-signal from the upper and lower layer versus thickness 
of the intermediate Pt layer. 

Light that is reflected after passing the upper layer also contributes to the 
Kerr rotation signal of the upper layer. The magnitude of this contribu
tion depends on the thickness of the intermediate layer. This explains the 
decrease. 

4.1.3 Static MOKE measurements with the second setup 

The second setup is a TR-MOKE setup. It can be converted to a static 
MOKE setup by blocking the pump beam. With this setup 13 hysteresis 
loops are measured. A selection of the loops can be found in appendix B. 
The attenuation depth of the laser is determined as described in section 
3.3.4. lts value is: dA = 17.1 ± 0.3 nm. The attenuation depth is higher 
than the one calculated with the first setup. The difference is caused by the 
fact that the laser wavelengths are different. The first setup has a laser with 
a frequency of 630 nm and the second setup has a laser with a wavelength 
of 790 nm. 
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Figure 4.3: Demagnetization traces measured at four different locations. The 
thickness of the intermedia te Pt layer is indicated below each graph. Plotted 
hereare the parallel response (black solid) and the anti-parallel response (red 
dashed) versus time. 

4.2 Time-resolved MOKE measurements 

The time-resolved or static MOKEis used for measuring the demagnetization 
traces. The results of the demagnetization traces are discussed in the first 
section. The demagnetization times in the upper and lower layer are deduced 
from these demagnetization traces. This is discussed in the next section. 

4.2.1 Demagnetization traces 

The demagnetization traces are measured at 13 different locations on the 
sample. The thickness of the intermediate layer differs on those locations, 
due to the wedge-shape of this layer. The traces are measured from -0.5 ps 
to 3 ps after the arrival of the pump pulse. Four different measurements are 
dorre on the same location, each for a different magnetization configuration. 
The power of the pump beam is kept constant. The measurements of the 
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Figure 4.4: Demagnetization traces measured at four different locations. The 
thickness of the intermediate platinum layer is indicated below each graph. 
Plotted here are the lower layer response (black solid) and the upper layer 
response (red dashed) versus time. 

parallel contigurations are combined to exclude the optical artifacts (see sec
tion 3.3.5) and the same is clone with the measurements of the anti-parallel 
contigurations. In tigure 4.3 a selection of the measurements is shown. Since 
there is not enough room to show all measurements, these are selected as 
representatives. 

The maximum queuehing of the demagnetization changes with a changing 
thickness of the intermediate layer. It decreases with increasing thickness if 
the magnetization contiguration is parallel. With an anti-parallel contigura
tion the maximum queuehing increases. This is caused by the attenuation of 
the laser beam. If the intermediate layer increases, the Kerr-rotation of the 
lower layer is more attenuated. In case of a parallel magnetization contigura
tion the Kerr-rotation of the upper and lower layer have the same direction, 
i.e. they add up. This means that with a thicker intermediate layer the ro
tation signal is weaker. In case of an anti-parallel contiguration the rotation 
from one layer is opposite to the rotation from the other layer, i.e. one is 
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Figure 4.5: The demagnetization times (TM) and amplitudes of all demag
netization traces vs thickness of the intermediate layer. Equation (2.4) was 
used to fit the traces. 

subtracted from the other. Because only the signal from the lower layer is 
attenuated the maximum quenching increases in magnitude with increasing 
thickness. 

As explained in section 3.3.5 the demagnetization traces of the upper and 
lower layer are calculated from the traces of the parallel and anti-parallel 
magnetization configurations. A selection of the results is given in figure 
4.4. These graphs are calculated from the graphs shown in figure 4.3. 

4.2.2 Demagnetization times and amplitudes 

Fitting demagnetization traces 

The demagnetization traces are fitted with equation (2.4). The method 
used is described in section 3.3.5. An example of a fit can be found in 
appendix C. One of the fit parameters is the demagnetization time TM. 

This time is a measure for the time in which the demagnetization takes 
place (see also section 2.2). In figure 4.5a the maximum quenching of the 
magnetization of the upper and lower layer is plotted against the thickness. 
The demagnetization time TM of the upper and lower layer is plotted as a 
function of the thickness of the intermediate layer in figure 4.5b. 

In figure 4.5a the maximum quenching of the magnetization in the lower 
layer is decreasing fast with increasing thickness of the intermediate layer. 
This is caused by the attenuation of the laser. When the pump beam hits 
the lower layer, it has been attenuated by the upper and intermediate layers. 
Therefore, less energy is deposited into the lower layer's electron heat reser
voir if the intermediate layer increases in thickness. The Kerr-signal coming 
from the lower layer is also attenuated by the intermediate layer. 
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Figure 4.6: Alternative demagnetization times ( Tk) and the maximum 
queuehing resulting from a delta pulse versus thickness of the intermediate 
layer. Both upper and lower layer data are plotted here. 

The maximum queuehing of the upper layer decreases only slightly with 
increasing thickness. As explained in section 4.1.2 the Kerr rotation signal 
from the upper layer is more attenuated if the thickness of the intermediate 
layer is higher, but the effect is smaller than in the case of the lower layer. 

The results of the lower layer demagnetization times in figure 4.5b have 
a relatively large error margin. That makes it difficult to use them. There is 
however an alternative way to define the demagnetization time (see section 
2.2). This is used in the next paragraph. 

The alternative demagnetization time 

The demagnetization traces are fitted with equation (2.4). All parameters 
are known. As described in section 2.2 an alternative demagnetization time 
Tk and maximum queuehing tl.Mmax is deduced. They are plotted as a 
function of the thickness of the intermediate layer in figure 4.6. 

The plots look very similar to the previous results. First take a look 
at the maximum queuehing (figure 4.6a). The conneetion between the spin 
temperature and the magnetization is given by the Curie-Weiss law. In case 
of a small temperature range (a low laser fluence) a linear approximation 
can be made. This means that the maximum queuehing of the lower layer 
versus the thickness of the intermediate layer plot can be used to estimate 
the attenuation depth of the laser. An exponential plot is made and drawn 
in figure 4.6a. The attenuation depth is: dA = 11.7 ± 0.7 nm. 

This number differs from what was found earlier (see section 4.1.3). The 
main reason for a lower attenuation depth is that the pump beam, that 
(partly) causes the demagnetization, is more attenuated if the intermediate 
layer is thicker. In the case of the hysteresis loops it is assumed that the 
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magnetization does nat depend on the thickness of the intermediate layer. 
The demagnetization times are plotted in figure 4.6b. The demagnetiza

tion time in the upper layer is decreasing as the thickness of the intermediate 
layer is increasing. The demagnetization time in the lower layer is increasing 
with decreasing thickness. The straight line drawn in figure 4.6b is a guide 
to the eye. 

Microscopie three temperature model (M3TM) 

The 3TM does nat predict a relation between the demagnetization time and 
the maximum quenching. The M3TM is based on the three temperature 
model but conserves the angular momentum. It prediets that an increase in 
maximum queuehing which is caused by a higher laser fluence also increases 
the demagnetization time [4]. 

The behaviour of the demagnetization in the upper layer is consistent 
with this prediction (see figure 4.6). Bath the maximum queuehing and the 
demagnetization time from the upper layer are decreasing with increasing 
thickness of the intermediate layer. However the behaviour of the demag
netization in the lower layer is nat consistent with this prediction. The 
maximum queuehing is clearly decreasing with increasing thickness, but the 
demagnetization time is increasing. 

Equation (2.1) provides a possible explanation for the increase. Demag
netization originates from the souree term P(t). If this term is nonzero it 
influences the electron temperature and consequently the spin temperature. 
The spin temperature is directly related to the magnetization. The pump 
beam cannot explain the increase in demagnetization time with increasing 
thickness. If the thickness of the intermediate layer increases, the fluence of 
the laser at the lower layer decreases. If the laser provides the only souree 
for the demagnetization, the demagnetization time should decrease. There
fore there should be another souree term. The laser causes demagnetization 
in the upper layer. Part of the heat absorbed in the upper layer can be 
transferred to the lower layer. There it enhances the demagnetization. It 
causes a langer demagnetization time, because this process takes a langer 
time than the direct demagnetization caused by the laser. Therefore this is 
a reasanabie explanation for the observed effect. 



Chapter 5 

Conclusions and outlook 

5.1 Conclusions 

The main goal of the experiment is to measure laser influenced demagnet
ization in a sample with two separate ferromagnetic layers and to find out 
whether indirect demagnetization plays a role in the lower layer. The fer
romagnetic layers consist of alternating Co and Pt layers and are separated 
by a wedge-shaped (non-ferromagnetic) Pt layer (see section 3.2.3). The 
following conclusions can be made: 

• The upper and lower layer switch at different coercive fields. In a 
hysteresis loop going from one external magnetic field direction to the 
other this can be recognized by the two separate switches of the mag
netization. The coercive field needed for the lower layer is higher than 
that fortheupper layer because the lower layer has more Co/Pt bilay
ers. 

• The magnetization of the upper layer can be switched independently 
from the magnetization of the lower layer. The magnetization in both 
the upper and the lower layer can have an upward or downward dir
ection. Combining them gives four possible configurations. They can 
all be reached and they are stable without the presence of an external 
field. 

• The attenuation depths in the sample of both lasers have been determ
ined. The laser used in the static MOKE setup has an attenuation 
depth of: dA = 14.9 ± 0.4 nm. The laser used in the TR-MOKE setup 
has an attenuation depth of: dA = 17.1 ± 0.3 nm. 

• The influence of the thickness of the intermediate layer on the laser 
influenced demagnetization is different intheupper or lower layer. The 
maximum queuehing of the magnetization in the lower layer depends 
on the thickness of the intermediate layer. An exponential fit shows 
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an attenuation depth of dA = 11.7 ± 0.7nm. lt is lower than found 
before because the laser fiuence of the pump beam is infiuenced by the 
thickness of the intermedia te layer. 

• The demagnetization time in the lower layer increases significantly as 
the thickness of the intermediate layer increases. This can be explained 
by introducing an extra souree term in the three temperature model. 
This souree term represents transfer of heat from the demagnetized 
upper layer. 

• In the upper layer both the demagnetization time and the maximum 
quenching of the magnetization are decreasing with increasing thick
ness of the upper layer. This is consistent with the microscopie three 
temperature model [4]. 

5.2 Outlook 

Suggestions for a continuation of this research: 

• The Kerr rotation caused by the magnetization in the sample is always 
attenuated by the sample materiaL By using the attenuation depth it 
is possible to estimate the Kerr rotation from the lower layer relative 
to the Kerr rotation from the upper layer [12]. This makes it possible 
to compare the relative magnitudes of the demagnetization. 

• The demagnetization behaviour in the lower layer is not consistent with 
what previous experiments have shown. The increase in demagnetiza
tion time with increasing thickness of the intermediate layer may still 
be in line with the M3TM. However the measurements of the demag
netization time in the lower layer have relatively large error margins. 
More measurements are needed for a better result. 



Appendix A 

Detection of the Kerr signal 
with use of a PEM 

If polarized light is reftected from a magnetized surface, the polarization 
angle and ellipticity are changed. The changes in angle and ellipticity are 
proportional to the magnetization (see equation (3.4) ). This is called the 
Kerr effect. The way the Kerr effect is detected in the experiment is explained 
in this appendix (see also [13]). 

In a MOKE experiment, whether it is static or dynamic, a laser beam 
that is linearly polarized with a polarizer is used as a probe beam. Using the 
Jones formalism [14], this polarized light can be represented by the vector 

)2 ( ~ ) . The polarized probe beam passes the PEM. The PEM modulates 

the probe beam as described by the following matrix: 

(A.1) 

with w the modulation frequency (50kHz in the experiment). If A = ~ 

the probe beam becomes )2 ( ~i ) after the PEM. The polarization of 

the probe beam varies between left handed circular polarization and right 
handed circular polarization. 

After it passes the PEM the probe beam is reftected from the sample. 
This reftection can bedescribed by the following Jones matrix: 

M _ ( rs rsp ) 
ref- ' 

rps rp 
(A.2) 

with r 8 and rp the complex reftection coefficients fors- and p-polarized light. 
Finally the probe beam passes the analyzer and arrives at the detector. The 
analyzer is a polarization filter. lts polarization axis makes an angle cjJ with 
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the polarization axis of the polarizer. The output voltage V of the detector 
is: 

V 
o:E2 
-

4
-(lrsl 2 + lrpl 2

) x 
[1 + 2c sin(Acos(wt)) + sin(2(e + c/J)) cos(Acos(wt))], (A.3) 

with E 2 the intensity of the light on the detector, a the sensitivity of the 
detector and E and e the Kerr ellipticity and rotation. Equation (A.3) can 
be approximated by: 

v =Va+ V1 1 + V21, (A.4) 

with 

Vo 
o:E2 2 2 
-

4
-(lrsl + lrpl ); (A.5) 

V11 4VolrAc cos(wt); (A.6) 

v21 4V0 J2A(e + c/J) cos(2wt), (A.7) 

with Jn the nth order Bessel functions. The voltages Vlf and V21 are pro
portional to the Kerr effect. To measure them, a lock-in amplifier, that has 
the PEM signal as reference, is used. The Kerr ellipticity or rotation can 
both be measured by selecting the first or the second harmonie. 



Appendix B 

Hysteresis loops and 
attenuation depth in the 
second setup 

This appendix contains 4 hysteresis loops measured using the TR-MOKE 
setup with blocked pump beam. A total of 13 loops are measured. These 
loops are selected to represent all loop measurements. Based on the loops 
the Kerr rotations caused by the upper and lower layers are calculated and 
plotted in in figure B.2. The attenuation depthof the laser can be determined 
with an exponential fit of the data from the lower layer and has a value of: 
dA = 17.1 ± 0.3 nm. 
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Figure B.l: Some of the hysteresis loops measured with the TR-MOKE 
setup with the pump beam blocked. The length of nanometers refer to the 
thickness of the intermediate Pt layer. 
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Figure B.2: The Kerr signal (in arbitrary units) is plotted versus the thick
ness of the intermediate platinum layer. The data is fitted with exponential 
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Appendix C 

Fitting of the demagnetization 
traces 
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Figure C.l: Fits of the demagnetization traces from the upper and lower 
layer. The thickness of the intermediate Pt layer is 11.3 nm. 

The general equation of a demagnetization trace is given by (2.4) (see 
section 2.2). This equation is based on the 3TM and is used for fitting the 
measured demagnetization traces. Figure C.l shows an example of a fit. 
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