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Abstract 

In the last decades, the demand for digital starage capacity and high-speed memories has 

increased exponentially. Many of these devices use the orientation of the magnetization 

of small magnetic elements to store binary data and, as the switching times and 

dimensions of these elements decrease, it is crudal to understand the fast magnetization 

dynarnics. 

In this work, a measurement scheme based on the pump-probe technique has been 

developed, which allows for time-resolved imaging of the magnetization vector in 

microscopie magnetic elements with a spatial resolution of 1 J..lm. The components of the 

magnetization vector were detected separately and simultaneously, via the magneto 

optical Kerr effect. Precessional magnetization dynarnics is induced in ferromagnetic 

elements by short (<1ns) magnetic field pulses. These magnetic field pulses are generated 

by applying voltage pulses to the strip lines, on top of which the magnetic elements were 

deposited by means of opticallithography. 

The validity of the vectorial measurement technique was first verified by small angle 

precessional dynarnics measurements on relatively large Perrnalloy dots. The observed 

dynarnics resulting from magnetic field pulses agrees well with the expectation from a 

numerical model, based on the Landau-Lifshitz-Gilbert-equation. The actual magnetic 

pulse shape was calculated from the measurement data and tumed out to be sirnilar to the 

shape of the voltage pulses. 

The same measurement technique was used to study magnetization dynarnics in real 

magnetic tunnel junction (MTJ) elements. The spatial resolution of -1 J..lm allowed for 

imaging the magnetization dynarnics of the whole element. An interesting spatially 

inhamogeneaus dynarnics is observed in the element, which we attribute to a competition 

between the different local magnetic fields acting on the spins. 

Other phenomena, such as enhanced damping of the precessional motion at the edges 

of the element, the apparent existence of a second spin mode that shows up at high 

extemal bias fields, and an increased decaherenee of spin motion across the laser spot 

will be shown. Possible mechanisms for these phenomena and suggestions for further 

research will be given. Large angle excitations of the magnetization in these elements will 

be demonstrated, and possible ways to perfarm switching experiments in these elements 

will be discussed. 
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1 Introduetion 

Since the era of magnetic data starage has begun, the ability to rnanipolate the 

magnetization of small rnagnetic elements is under constant investigation. In rnagnetic 

starage devices, the orientation of the magnetization of a rnagnetic element is used to 

store binary data. For example, a magnetic element with a magnetization vector parallel 

to a certain axis can represent a "0" and an element with an anti-parallel magnetization a 

"1". These starage devices include floppy disks, hard-disk drives and also magnetic 

random access memory (MRAM), which is currently being developed. The constant need 

for faster recording devices with higher capacity resulted in large research efforts to scale 

down the size of the rnagnetic elements and to decrease the switching time of the 

rnagnetization of these elements. 

The bit-length in commercially available hard-disk drives, for example, decreased 

from -250 J.lm to below 0.04 J.lm in the past 40 years. The information density increased 

from 2 kbit/inch2 to 170 Gbit/inch2
. A major breakthrough in this advance has been the 

discovery of the Giant MagnetoResistance (GMR) effect [1]. It was discovered that two 

thin ferromagnetic (FM) layers, separated by a non-rnagnetic (NM) metal layer, have a 

lower resistance when their magnetizations are oriented parallel than when they are 

oriented anti-parallel, see Figure 1.1. Nowadays, FM-NM-FM trilayers can be grown that 

exhibit a GMR effect at room temperature of 17% [2]. When used as a magnetic sensor in 

hard-disk heads, the GMR effect allows for much smaller element sizes and much faster 

readout than was previously possible. 

In MRAM, another resistance effect ts used, namely the Tunnel 

MagnetoResistance (TMR) effect. In this case, the tunnel current of electrans between 

two rnagnetic layers, separated by a very thin (1 - 2 nm) insulating harrier, is strongly 

dependent on the orientation of the magnetization of the two layers [3]. When the FM

layers are made of the same material, a parallel alignment has a lower resistance than the 

anti-parallel alignment. At room temperature, this effect can be as high as 70% when 

transition metals are used as magnetic layers [ 4]. 
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Chapter 1 Introduetion 
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Figure 1.1: The resistance of F erroMagnetic 
I Non-Magnetic I FerroMagnetic trilayers 
depends on the orientation of the 
magnetization in the ferromagnetic layers. A 
parallel orientation has a lower resistance 
than an anti-parallel one. 

re ad write 
Figure 1.2: lmpression of a MRAM 
architecture, in which the resistance of a 
MT J between two perpendicular lines is 
measured to read the magnetic state of the 
MTJ. The magnetic state of the MTJ can be 
written by sending current through the two 
perpendicular lines to produce a total field 
that is enough to switch only one of the FM
layers. Adaptedfrom [5]. 

The two magnetic layers and the tunnel harrier form a magnetic tunnel junction (MTJ) 

that can be used as a starage cell of one bit. A matrix of these MTJ' s can then form a 

magnetic memory. Write operations are carried out with a magnetic field produced by 

two crossed current lines to address each element of the matrix. CMOS technology is 

used to read out the resistance and thus the magnetic state of each element, as well as to 

switch between read and write cycles [6] . A schematic layout of the MRAM currently in 

development is shown in Figure 1.2. The magnetic state of a MTJ is stationary in time 

and does not need any current, so the MRAM is a non-volatile memory. This non

volatility in combination with large memory capacity, fast switching and random 

accessibility makes MRAM a very prornising memory concept for the near future. Since 

the size of the MTJ-elements can be easily decreased below one micron, very dense 

arrays of MTJ' s can already be made to form a MRAM. Motorola recently announced the 

production of a 4 Mbit MRAM, with switching times of 15 ns (66 MHz) [7]. This is, 

however, not fast and not dense enough to compete with existing volatile memories, such 

as DDR SDRAM or RDRAM that operate at 800 MHz with capacities of 1 Gb. 

Therefore, ways for faster switching are being explored. 

In conclusion, there is a strong need for reduced magnetic element sizes and very 

fast switching. This, however, introduces complications. With rnicron-sized elements, 

edge effects already become important and these effects can influence the magnetic 

behavior of the whole element. As an example, magnetization reversal may become non

uniform over the element, which can lead to Jonger switching times or even unstable 

switching. The shape of such small elements is an important property that can be used to 

rninirnize the non-uniforrnities and to assure stabie switching. 

On the other hand, as the switching times approach the sub-nanosecond regime, 

the magnetization reversal mechanism also changes. Slow (sub-)rnicrosecond switching is 

dorninated by dornain wall movement and the resulting growth and shrinking of different 
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domains. At shorter switching times, the reversal becomes a relaxation dominated 

precession-like behavior. MRAMs currently being developed operate in this regime, 

because the current pulses, used to generate the magnetic field that switches the element, 

are relatively long. Finally, in the sub-nanosecond regime, the motion of the 

magnetization vector is precession dominated and the fundamental limit of the switching 

time is half the period of the precession. This means, again for the MRAM case, that in 

order to achleve such fast switching, very short ( < 1 ns) current pulses have to be 

applied. Consequently, it is of critica] importance to know the exact behavior of the 

magnetization vector during a switching event in these small magnetic elements. 

Furthermore, precise knowledge of the magnetic field pulse that is produced with current 

lines is also needed, since the motion of the magnetization vector depends strongly on the 

pulse shape and duration. 

This Thesis is concemed with the issues mentioned above. Chapter 2 will 

describe the theory of precessional magnetization dynamics and show some simulations 

to explain the influence of the magnetic field pulse, extemal bias field, damping 

parameter and sample properties on the magnetization dynamics. Edge effects and spin 

modes that describe spatial non-uniforrnities of the dynamics will be discussed as well. 

The experimental techniques that have been used in this work will be presented in 

Chapter 3. The electrical-pump I optical-probe scheme used to achieve a temporal 

resolution below 10 ps and spatial resolution of 1 J..lm in combination with a vectorial 

measurement scheme will be explained. The samples on which the experiments have been 

performed, consisting of micron-sized magnetic elements deposited on current lines, will 

also be discussed in detail in this chapter. 

Chapter 4 will present the experimental results obtained with the magnetic 

samples. The accuracy of the vectorial measurement scheme will be demonstrated and the 

magnetization dynamics resulting from different magnetic field pulses will be discussed. 

Spatial non-uniforrnities in the small magnetic elements and their effect on the dynamics 

will be addressed as well. Furthermore, it will be demonstrated that measurements of the 

magnetization dynamics can give information about the static state of the magnetization 

in magnetic elements. 

Finally, Chapter 5 will summarize the main conclusions that can be drawn from 

this work and give recommendations for future research. 
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2 Theory 

As may have become clear from the introduction, detailed knowledge about the process 

of magnetization reversal, especially in the precession dominated regime, is crucial in 

order to achieve switching of the magnetization below one nanosecond. Size and shape 

effects also play an important role in the reversal process of the magnetic element in 

question. This chapter will address both issues and the relevant physics will he explained. 

First, the equation of motion for the magnetization vector in the precession 

dominated regime is introduced. The relevant parameters in this equation will he 

discussed and some simulations from a numerical model will he shown. A set of formulas 

will he deduced that can he used to extract the magnetic pulse shape from the measured 

response of the magnetization. The numerical model will also he used to show how 

magnetization reversal with magnetic field pulses can he achieved. This chapter will 

conclude with a discussion of the magnetic interactions that give rise to non-uniform 

behavior of spins in micron-sized magnetic elements, which hecome more and more 

important when the size of the magnetic elements decreases. Interlayer coupling, present 

in magnetic devices, will he addressed and shape effects in the form of demagnetizing 

fields will he discussed. The concept of spin-modes is introduced, with respect to the case 

of the so-called edge modes. 

2.1 Precessional dynamics of a macrospin 

The magnetization dynamics on a (sub-)nanosecond timescaleis govemed by the Landau

Lifshitz-Gilbert equation [8]. This equation describes the motion of a single 

magnetization vector. In order for this equation to descrihe accurately the dynamics in a 

microscopie magnetic element, the element in question must act as a macrospin. In other 

words, the rnagnetic element must he a single-domain partiele to a large extend. All the 

spins in the element will then hebave coherently, which allows treating them as a single 

rnagnetization vector. In practice, this condition can he met by applying a strong extemal 
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Chapter 2 Theory 

magnetic field that aligns all the spins of a magnetic element along the direction of this 

external field. 

Befare introducing the full equation, we will frrst take a look at the Landau

Lifshitz form of the equation, which contains no damping term. Starting with elementary 

quanturn mechanics it can be deduced [9] that the equation of motion of a macrospin is 

(2.1) 

where M (t) is the magnetization vector of the macrospin, y the gyromagnetic ratio 

( y = ge I 2me , with g the gyromagnetic splitting factor of the electron in the magnetic 

material, and e and me the electron charge and mass respectively), J.lo the magnetic 

permeability of vacuum and H (t) the effective magnetic field acting upon the 

macrospin. This equation states that the effective magnetic field exerts a torque on the 

magnetization and this torque is responsible for the motion of the magnetization. 
- -Assurning that the effective field is time-independent, H(t) = H , multiplying (2.1) with 

M and H resp. leads to 

d [ - ]2 d [ - - J - M(t) =0;- M(t)·H =0, 
dt dt 

(2.2) 

which shows that the length of the magnetization vector does not change and that the 

angle between the directions of the magnetization and the effective field remains 

constant. Equations (2.1) and (2.2) resp. thus describe a precessional motion around the 

direction of the effective field H . 

The frequency of this precession can be calculated as follows. We consider the 

case of a magnetic element with dimensions small enough to exhibit shape anisotropy in 

all three directions. Separating the components of (2.1) for the case with the x-direction 

aligned along the direction of a static field H~, gives to frrst order (small perturbation, so 

Mx = constant = Ms, with Ms the saturation magnetization of the magnetic element) 

M =0 x 

M Y=y0 (M xH z -MzH x), (2.3) 

M z =-y0 (MxH y -MyH x) 

where a dot represents differentiation with respect to time. Also, the quantity Yo 1s 

introduced, which is defined as 

(2.4) 
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2.1 Precessional dynamics of a macrospin 

The static field H~ can include an applied bias field, exchange- and interlayer coupling 

fields. The components of the effective field H are 

(2.5) 

with Ni the dernagnetization factors in the direction i, which arise due to the shape 

anisotropy. With (2.5), the last two lines of equation (2.3) become 

MY =-y0 [(Nz -NJMs +H~]Mz 

Mz =ro[CNY -Nx)Ms +H~]MY . 
(2.6) 

This set of coupled differential equations has solutions that describe harmonie oscillations 

( time-dependenee exp( -iwt) ), if the determinant of the coefficients vanishes. This leads 

to 

the Kittel-formula for the frequency of the precession [10]. The precession frequency thus 

depends on the static field H~ and on the properties of the rnagnetic element, such as 

shape and saturation magnetization. It must be noted that in this analysis, other properties 

of the rnagnetic element, such as crystalline anisotropies, are not taken into account. 

In real physical systems this precessional motion will not last forever. Therefore, 

equation (2.1) has to include a damping term, such that the magnetization will align with 

the static field in a finite time. The usual way to do this is to include a dissipation term in 

the effective field H (t), 

- - 1 dM(t) 
H(t)~H(t)+a-- , 

YoM s dt 
(2.8) 

with a a phenomenological parameter, called the Gilbert damping parameter. Depending 

on the value of a, the precessional motion can be over-damped, critically damped or 

under-damped. In most cases with thin magnetic layers, a « 1 , and the motion is in the 

under-damped regime. Inserting (2.8) in (2.1) leads to 

(2.9) 

This is the Landau-Lifshitz-Gilbert (LLG) equation that fully describes the 

motion of a macrospin. In general, it is impossible to solve this equation analytically. 

However, when we consider only small perturbations, for instanee long after a rnagnetic 

disturbance, the solutions to this equation are damped harmonie oscillations, 
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Chapter 2 Theory 

exp(iwt -t/'l'). Here, -ris the characteristic time of the exponential decay. To prove this 

fact, we separate equation (2.9) in the three spatial components, with again the 

assumption Mx = Ms = constant: 

.M =0 x . . 
M Y = y0 (MxH z -MzHJ -aMz (2.10) 

M z =-y0 (MxH y -MyHx)+aMY 

When we consicter a thin film with astrong in-plane anisotropy (Nx = Ny = 0, Nz = 1), 

the demagnetizing field is given by Hdem = -NzM z = -Mz. With a static field H~ in 

the x-direction, equation (2.1 0) becomes 

.M =0 x 

(2.11) 

As trial solutions we take M Y =cos(wt)exp(-t/'l') and 

M z =ésin(wt+<P)exp(-t/'l') . These solutions represent a damped precessional 

motion. The ellipticity E is included to account for a strong elliptical precession. The 

phase factor rp is essential, as it can be shown that a trial salution with rp = 0 is not a 

salution of (2.11 ). lnserting these trial solutions into (2.11) and demanding that the 

prefactors of the cos( wt) - and sin( wt) -terms are equal, yields a set of four equations for 

the unknown parameters m, r, E and rp : 

_..!_ = -éy0 ( M s + H~)sin <P -weacos<P+~asin <P 
'[' '[' 

-w=-éy0 (M s +H~)cos<P+Wéasin<P+ 8 
acos<P 

'[' 

é . Ho a WéCOS<P--Sm<P = Yo x --
'l' '[' 

. é 
-WéSlll</'--COS</' = -Wa 

'[' 

This set of equations can be solved with the result 

8 
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2.2 ModeZing the influence of a magnetic field pulse 

This proves that the trial functions are indeed solutions of (2.11 ). In the limit a 2 « 1 , 

(2.13) simplifies to 

(2.14) 
aM . 

rp= s ,ê= 
~4H~(H~ +M,) 

Let us consider two different limits, when H~ « M s and when H~ » M s . In the frrst 

case, H~ + M s ::::: M s and we see that the decay time is independent of the frequency and 

that the frequency increases with the square root of the static field, H ~ . ê is much smaller 

than unity, indicating astrong elliptical motion due to the demagnetization field, and the 

phase factor rp is proportional to a, thus also small. In the latter case, H~ + M s ::::: H~ 

and we see that OJ::::: y0H~ and r::::: 1/am. The frequency thus increases linear with the 

static field and the decay time is inversely proportional to the frequency. This implies that 

the number of oscillations of the magnetization in the characteristic time is constant. The 

ellipticity approaches unity, indicating a circular precessional motion. In this work, the 

situation will always be close to the first limit, when H~ « M s • 

2.2 Modeling the influence of a magnetic field pulse 

In storage devices, short magnetic field pulses have to be induced in magnetic elementsin 

order to switch the magnetization of these elements in the sub-nanosecond regime, as 

mentioned in the introduction. The motion of the magnetization under the action of these 

field pulses can, of course, not be described by exponentially damped oscillations. In 

order to gain insight into the full response of a macrospin, also during the time a field 

pulse of arbitrary shape is present, a numerical model is developed that integrates the 

LLG-equation. For this purpose, another form of the LLG-equation is more practical. 

Equation (2.9) can be rewritten as 

(1 +a2
) dM(t) = ro [ M (t)xH(t) J + aro [M- (t)x[ M (t)xH(t) JJ. 

dt Ms 
(2.15) 

With this form of the LLG-equation, the motion of the macrospin M (t) can be 

calculated if the time-dependent field H(t) and the material parameters a, Ms and y0 are 

known. It is particularly useful for application in numerical models, as it can be linearized 

in order to obtain a relationship between the magnetization and magnetic field on t = t ; 
and the magnetization on t = t; + L1t, with L1t the time step in the numerical model. 

Our model calculates the magnetization dynamics in a thin PermaHoy (Ni81Fe19) 

film under the action of a magnetic field pulse. The length of the magnetization vector is 
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Chapter 2 Theory 

kept constant. The magnetic fields acting on the macrospin that are included in the model, 

are shown in Figure 2.1. The static field only consists of an extemal bias field, Hbias• 

applied along the x-axis and consequently this defines the initial direction of the 

magnetization M . The magnetic field pulse Hputse is applied along the y-axis, 

perpendicular to the initial magnetization and thus creating a maximum torque. As 

anisotropy fields we consider only the strong in-plane anisotropy (Nx = Ny = 0, Nz = 1), 

which yields a demagnetization field only in the z-direction, Hdem =-NzMz =-Mz. 

The effective field H that acts on themacrospin is thus 

(2.16) 

The values for the material parameters a and Ms that correspond to PermaHoy are 

obtained from literature: a= 0.01 and Ms = 900 kAlm [11]. 

In Figure 2.2 are plotted the responses of the magnetization to different magnetic 

field pulses and with a bias field of 2.4 kAlm. This bias field yields a precession 

frequency of 1.7 GHz according to (2.14), thus a precession period of 0.6 ns. As field 

pulse examples are taken a "step-edge", a rectangular pulse of 1.5 ns (langer than the 

precession period) and a rectangular pulse of 0.25 ns (shorter than the precession period). 

In each case, the magnetic field pul se starts at t = 0 and lH putse Lx = 0.44 kAlm. Due to 

the field pulse, the y-component of the effective field changes from zero to Hpulse and the 

new effective field H new makes an angle _cp = arctan (lH pulse I H bias I) with the x-axis. 

This triggers a precessional motion around H new • 

In the "step-edge" case, the magnetization equilibrates after some time in the 

direction of H new • In the 1.5 ns pulse case, the magnetization first starts a precession 

around H new, but after the pulse ends the direction of the effective field is again the x

direction. Consequently, the magnetization starts to precess around the x-axis, which is 

the final equilibrium direction. In the 0.25 ns case, the pulse duration is too short for the 

magnetization to complete a full asciilation around H new and after an initial excitation 

the magnetization precesses around the x-axis and finally damp out. 

z 

)-x 
y 

Heffectlve Mt=t1 

t=O 

Figure 2.1: Geometry used in the numerical LLG-model to simulate magnetization dynamics. 
External bias field and initia[ magnetization of the Py-element are in the x-direction, the field 
pulse is applied in the y-direction. The resulting effective field, demagnetization field and motion 
ofthe magnetization arealso indicated. 
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2.2 ModeZing the influence of a magnetic field pulse 
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Figure 2.2: The responses ofthe magnetization due to different magnetic field pulses are plotted in 
a my-t-, mz-t- and mz-my-graph. Thefigures show the responsetoa step putse, (a) and (b), a 1.5 ns 
pulse, ( c) and ( d), and a 0.25 ns putse ( e) and (f). In (a), ( c) and ( e) also the field pulse is plotted. 
The right arrows in (d) and (/) indicate the end ofthe field pulse. 

The Mz-My-plots show even more clearly this precessional motion around H new 

and around the x-axis. Especially in the 1.5 ns case, the amplitude of the final precession 

around the x-axis depends heavily on the pulse duration. From Figure 2.2d it can beseen 

that the moment the pulse ends (right arrow), the magnetization reaches its maximum 

deviation from the x-axis. This results in a large torque as the effective field returns to the 

x-axis, and in a precession with large amplitude. If the pulse had ended somewhat earlier 

(left arrow) the angle between the magnetization and the x-axis would have been smaller, 

resulting in a smaller torque and a precession of lower amplitude around the x-axis. Note 

also that the Mz scale is an order of magnitude smaller than the My scale, so that the 

precession is in fact strongly elliptical, as expected from (2.14 ). In each case, long after 

the last pulse edge, damped oscillations can be seen, in agreement with our previous 

analysis. 
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Chapter 2 Theory 

--

0 2 3 

Time [ns] 

4 5 

Figure 2.3: Bias field dependenee of the precessional motion of the magnetization. The frequency 
and amplitude of the oscillation of the My-component increase and decrease resp. as the bias field 
increases. 

Besides the pulse shape, the effect of different bias fields is also investigated with 

the model. Figure 2.3 shows the magnetization response to a field pulse of 0.25 ns with 

different bias field strengths. Two features can be seen from these graphs. First, the 

amplitude of the oscillation drops as the static field increases. At higher static field, the 

change of the effective field due to the magnetic field pulse, ~ = arctan (lH putse / H bias I) , 
is rather small. The magnetization vector rotates around H new and can thus make a 

maximum angle with the x-axis of 2cp (when a= 0), thus the precession amplitude in My 

is M y,max = sin(2cp). The amplitude has a maximum if qJ = 45° (Hpulse I Hbias = 1) and 

drops to 0 when Hpulse I Hbias ~ 0 and Hpulse I Hbias ~ =. Second, the frequency of the 

oscillations increases as the static field increases. The frequency of the precession is 

given by (2.14), with H~ = Hbias and increases with the square root of the bias field, 

since H bias << M s . 

2.3 Calculating the shape of the magnetic field pulse 

Usually, as is the case with experiments, the response of the magnetization to a eertaio 

rnagnetic field pulse is measured, whereas the exact form of this magnetic field pulse is 

unknown. As mentioned in the introduction, if one really wants to control the 

magnetization, knowledge of the precise form of magnetic field pulse is of crudal 

importance. In this case, the form (2.9) of the LLG equation can be used to solve this 

problem [12]. 

The unknown parameter in the equation is the magnetic field pulse profile, and 

the (measured) magnetization data is used as input to extract this pulse profile. Under the 

assumption of a small perturbation from equilibrium, which is e.g. the case with a high 

static field, we can separate equation (2.9) into the three spatial directions, as in equation 

(2.10). When we consider only the static field Hbias. the field pulse Hpulse and the 
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demagnetization field Hdem as we did in the numerical model, the last two lines of 

equation (2.1 0) become 

M y = Yo(Ms +HbiaJMz -aMz 
. . . (2.17) 

M z =Yo(MsHpulse(t)-MyHbias )+aMY 

These equations can be solved for Hpulse(t), with the resulting formulae containing either 

My or Mz (and their integrals or derivatives): 

H pulse (t) = a2 +1 .. - a(Ms +2Hbias) . H 
2(M H )my (M H ) my + bias my ' 

Yo s + bias Yo s + bias 
(2.18) 

where mi = Mi/ M s . Of course, if data of My and Mz are both available, Hpulse(t) can be 

easily extracted from the last line of equation (2.17) and it follows that 

(2.20) 

The above formulae will be used in this work to extract the pulse profile from 

measurement data on small angle precessional motion, where the assumption 

Mx = Ms = constant holds. 

2.4 Large angle excitations and precessional switching 

Until now, only small angle excitations of a macrospin have been considered. These 

small angle excitations occur whenever the static magnetic field is much larger than the 

applied rnagnetic field pulse. However, when the field pulse becomes comparable to or 

larger than the static field, large angle excitations may occur. The magnetization then 

rotates significantly in the plane of the elements. Large angle excitations can also be 

simulated with the numerical model. When the ratio between the bias field and the field 

pulse is reduced to 0.5 (Hbias = 0.4 kAlm, Hpulse = 0.8 kAlm) and the 0.25 ns rnagnetic 

pul se shape is used, the result is an excitation of the rnagnetization up to 85°, as shown in 

Figure 2.4. Due to the bias field, the initia! and final directions of the rnagnetization are 

the same. 
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Figure 2.4: Simulated large angle excitation ( 85 °) of the magnetization with a field pulse of 0.25 
ns duration and an amplitude of 0.8 Wm. The bias field is in the x-direction and equal to 0.4 
Wm. 

The most interesting large angle excitation is the one that results in a switch of 

the magnetization (180° rotation). A stabie switch can only occur when the magnetic 

element has two stabie states of opposite magnetization direction. This implies that the 

extemal bias field must be absent and that the magnetic element must have a uniaxial 

anisotropy. In this case, the geometry is slightly different than discussed before, as 

visualized in Figure 2.5. 

The initia! magnetization is aligned along the x-axis due to a uniaxial in-plane 

anisotropy and the field pulse is applied along the y-axis. The torque due to the field pulse 

lifts the magnetization out of the plane, which introduces a large demagnetization field. 

The demagnetization field then becomes the dominant component of the effective field 

after the field pulse ends. The torque now has a streng component in the y-direction and 

as a result the magnetization rotates in the plane. 

z 

y 
t=O t = t, t = t2 

Figure 2.5: Geometry used in the numerical LLG-model to simulate switching of the 
magnetization. The initia! magnetization of the Py-element is in the x-direction due to an 
anisotropy field, the field pulse is applied in the y-direction. The resulting effective field, 
demagnetization field and motion of the magnetization are also indicated. The demagnetization 
field is responsible for the large angle rotation. 
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In order to achleve fast switching, both the field pulse and the anisotropy field must be 

large. The field pulse must be large to lift the magnetization out of the plane and to 

induce a strong demagnetization field. The anisotropy field bas to be large in order to 

efficiently pin the magnetization to one of the stabie configurations. 

In order to simulate switch events, a uniaxial anisotropy bas to be implemented in 

the model. A uniaxial anisotropy in the x-direction can be described by an anisotropy 

field, Hani. in the y-direction. This anisotropy field tends to align the magnetization along 

the x-axis. The y-component of the effective magnetic field then becomes 

2K 
H/t) = H pulse(t)---my(t) = H pulse(t)- Hanimy(t), 

fioMs 
(2.21) 

with K the anisotropy constant. Equation (2.21) shows why the magnetization can rotate 

in the plane of theelementover large angles. In the absence of an extemal bias field, only 

the anisotropy field can pin the magnetization along the x-axis. Just after excitation, the 

anisotropy field is very small, as it is proportional to my. The pinning of the 

rnagnetization is thus also small. Only when the magnetization approaches the y-axis, the 

anisotropy field becomes large. However, as the motion of the magnetization vector 

cannot be stopped instantaneously, the magnetization can cross the y-axis. At that point 

the energetically most favorable direction becomes the -x-direction and a complete 

switch is possible. When in the model Hbias = 0, Hani = 0.4 kAlm and the 0.25 ns field 

pulse is used, the resulting motion of the magnetization is as shown in Figure 2.6. The 

magnetization reverses from mx = 1 to mx = -1, but shows also ringing, oscillations 

around the final equilibrium direction that increase the switching time. 

M /M 
z s 

-1 
-1 

M /M 
y s 

M /M 
x s 

Figure 2.6: Simuiared precessional switch of the magnetization vector from mx=l to 
mx= -1. A number of oscillations (ringing) around the final equilibrium direction can be seen, 
making this switch slower than theoretically possible (ballistic). The field putse duration is 0.25 ns 
and the amplitude is 0.8 Wm. An anisotropy field of 0.4 Wm in the y-direction is included in 
order to achieve two stabie equilibrium directions. The bias field is set to 0 Wm. 
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Chapter 2 Theory 

A switch at the ultimate switching time (half the precession period) is called a 

ballistic switch. In order to achleve a ballistic switch, the field pulse must have a 

particular amplitude and shape for a eertaio anisotropy field [9]. At the moment the 

magnetization is reversed, the field pulse must end, leaving the magnetization at mx = -1 

without introducing ringing. 

2.5 Coupling effects in micromagnetic structures 

So far, we have discussed only the response of a macrospin to magnetic field pulses. In 

real systerns, however, it depends on the material and shape of the magnetic element in 

question as well as the presence of additional magnetic layers, whether or not the 

magnetic element will hebave as a single macrospin. When the magnetization dynamics 

in a magnetic element is not uniform, the LLG-equation is only locally applicable to 

descrihe the magnetization dynamics. The magnetic element must then he divided into 

small regions that do act as a macrospin. Each region can then he separately described by 

the LLG-equation. If the magnetization direction is different in two neighboring regions, 

an additional term bas to he included in the effective field in the LLG-equation of each 

region. This is the exchange field, the field due to the interaction that is responsible for 

the parallel alignment of spins in a ferromagnet. It is also responsible for spin wave 

generation in small magnetic elements. In this section we will discuss the effects that 

cause non-uniform spin dynamics. 

A non-uniform magnetization in an element will arise when the effective 

magnetic field in an element is a function of position. The most important souree of an 

inhomogeneous effective field is the demagnetization field at the edges of the element. At 

these edges, the spins feel a different internal field than spins in the center of the element, 

since at the edge the dipole field from the missing spins is absent, as shown in Figure 

2.7a. This missing dipole field changes the intemal field and this change can he described 

by a demagnetization field. It causes the domaio formation in small magnetic elements in 

the absence of an external bias field. 

In the presence of an extemal bias field, the element acquires a global 

magnetization and the effect of the missing dipole field is different at edges parallel and 

perpendicular to the magnetization in the element, indicated in Figure 2.7a by edge 1 and 

edge 2 resp. At edge 1, the dipole field from the missing spins would he anti-parallel 

with the bias field. Therefore, the effective field will he higher then in the center of the 

element due to the absence of this dipole field. At the edge 2, the situation is opposite. In 

this case the dipole field from the missing spins would he parallel with the bias field. The 

effective field will thus he lower at these edges, compared with the center of the element. 
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2.5 CoupZing effects in micromagnetic structures 

a) 

Figure 2. 7: (a) A single magnetic layer in an external bias field. The missing spins and their 
dipolefields at the edges are drawn in gray. At edge 1 the dipolefield is in anti-parallel alignment 
with the bias field, at edge 2 it is aligned parallel. (b) A typical magnetic tunnel junction stack 
consisting of an Anti-FerroMagnetic (AFM) layer and two FerroMagnetic (FM) layers, separated 
by a thin aluminum-oxide harrier. The direction of the orange peel-field and strayfield are 
indicated. 

The influence of the missing dipole field is only significant in the region near the edge. In 

terms of magnetization dynarnics, we have seen that the effective field deterrnines the 

motion of the magnetization vector, and in particular the frequency. The precessional 

motion will thus have a different frequency near the edges compared with the center 

frequency. These different frequencies are called edge modes, since they manifest only 

near the edges of the element [13]. The precession with the center frequency is called the 

uniform mode, since it has the frequency all the spins would have in the absence of the 

edge effects. 

The situation becomes more complicated if the magnetic element is part of a 

stack of magnetic layers, e.g. in case of a magnetic tunnel junction. Let us consider for 

example the magnetic tunnel junction shown in Figure 2.7b. The Anti-FerroMagnetic 

(AFM) layer induces exchange biasing in the lower ferromagnetic (FM) layer, which 

results in a large shift of the hysteresis loop of this FM layer towards positive field 

values, see Figure 2.8. The magnetization of this FM layer will not switch when small 

external magnetic fields are applied, hence this layer is called the pinned layer. The 

pinned and top FM layers are separated by a very thin alurninum-oxide layer. As the two 

FM layers are so closetoeach other, a coupling arises between them, which is called the 

interlayer coupling. The interlayer coupling between the two FM layers is position 

dependent and consists of the so-called orange-peel coupling and strayfield coupling. 

The orange-peel coupling originates from the interface roughness between the 

FM layers and the alurninum-oxide harrier. Magnetic field lines from the pinned FM 

layer can penetrate the harrier and flow into the top FM layer. Due to these field lines the 

top layer couples ferromagnetically to the pinned FM layer and therefore also the 

hysteresis loop of the top FM layer is shifted to positive field values. This shift is less 

than the shift of the pinned FM layer. 
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Figure 2.8: Schematic drawing of a hysteresis loop of the magnetic element sketched in Figure 
2. lb. The exchange bias field and the interlayer coupZing field are indicated. Both FM layers are 
assumed to be identical in size and material. 

The strayfield coupling is the result of the magnetic field lines that point out from 

the edges of the pinned FM layer. These stray-fields have an opposite direction in the top 

FM layer compared to magnetization of the pinned FM layer. Therefore, the strayfield 

coupling is anti-ferromagnetic and is thus in competition with the orange-peel coupling. lt 

is strongest at the edges ofthe top FM layer, see Figure 2.7b. 

lt is clear that the orange-peel field, strayfield and the demagnetization fields in 

combination with a possible external bias field, can give rise to a highly non-uniform 

internal effective field in a magnetic element. This uniform field allows for different spin 

modes, in particular localized edge modes, as we will show in discussing the experiments 

performed on real magnetic tunnel junction elements. 

To conclude this chapter, we have explained the basics of precessional magnetization 

dynamics in small magnetic elements. We have presented some results from the 

numerical model and we will use them to analyze and discuss the observed dynamics in 

magnetic elements. These magnetic elements will he discussed in the next chapter, as 

well as the experimental techniques used to study them. 
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The investigation of magnetization dynamics was performed in this work on two different 

samples. Both contain small Py elements that were deposited on top of a current line. 

Short current pulses that are coupled into the current line induce a magnetic field pulse, 

which triggers a precessional motion of the magnetization vector in these elements. In 

order to detect this motion in the sub-nanosecond time domain, a pulsed optical setup was 

used that measured the magneto-optical Kerr effect versus time. A high aperture 

microscope objective was used to achleve a spatial resolution down to one micrometer 

and to perferm measurements of two components of the magnetization vector. 

In this chapter, first the studied magnetic samples will be presented in detail. The 

way in which magnetic field pulses were applied will be explained and issues conceming 

waveguide structures will be discussed. The main characteristics of the magnetic samples 

will be described and the layout of the structures will be shown. Next, the optical 

techniques used to study these magnetic samples will be discussed. The magneto-optical 

Kerr effect (MOKE) will be explained and the sensitivity of the effect will be deduced. 

The optical setup with a photo-elastic modulator that is used for static MOKE 

measurements will be presented. The implementation of an electrical-pump I optical

probe technique, which allowed time-resolved MOKE measurements, will be described 

and finally the extension of the setup to vectorial time-resolved MOKE will be presented. 

3.1 Magnetic samples 

The layout and structuring of magnetic samples is of critical importance for studying the 

fast magnetization dynamics in ferromagnetic metals. Magnetic field pulses with rise 

times much shorter than 1 ns are required to induce a precessional motion of the 

magnetization in magnetic materials. It is impossible to generate field pulses with such 

short rise times with Helmholtz coils, so other methods have been developed. 
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In almost all cases, the magnetic field pulse is induced by a current pulse that 

propagates through a thin metallic wire, on top of which magnetic material is deposited. 

From symmetry arguments, the induced magnetic field is perpendicular to the current line 

and at the center of the current line also in the sample plane. In order to achleve high 

fields, the current density has to be large, which implies that the dimensions of the current 

line have to be small. The magnitude of the induced field can be estimated from the 

approximate formula 

H putse =::V/ ( 2wZ), (3.1) 

where V is the applied voltage, Z the impedance of the current line and w the width of the 

signa! line that carries the current. Another important aspect is that high frequency 

components of the current pulse must be able to propagate through the current line 

without significant losses, otherwise the rise and fall times of the pulse will not be 

sufficiently short. 

These two considerations lead to a so-called microscopie coplanar waveguide 

design. Such a waveguide usually consists of a signalline with two ground plates on each 

side. The waveguide is terrninated with a 50 Q resistance at one end to minimize 

reflections of high frequency components of the signa!. The width of the signa! line and 

the distance between the centralline and the ground plates are chosen in such a way, that 

in combination with the dielectric constant of the substrate the impedance of the 

waveguide is matebed to 50 Q. The current pulse can be generated by photoconductive 

switches [14], but also with commercial pulse generators [15]. 

In this work, a commercial AVTECH AVN-1-C-P pulse generator was used that 

can produce voltage pulses with a minimum rise time of 100 ps. The pulse shape can be 

changed by varying the rising (Tr) and falling (Tf) edge settings of the pulse generator. 

This way, pulse lengtbs can be produced between 0.2 and 1.5 ns, although insome cases 

there is a significant amount of after-pulsing present. This means that the pulse profile is 

not flat after the main pulse but contains some lower amplitude peaks. Screen shots from 

a 12.5 GHz sampling oscilloscope are depicted in Figure 3.1 for two settings mostly used 

in this work. The figures show the rise and fall times, the pulse length and the presence of 

after-pulsing. The repetition rate of the pulses can be set from 50 to 260 MHz and also 

synchronized with a pulsed laser system via a trigger input channel. 

This pulse generator was used to induce magnetic field pulses in two different 

samples. The layout, structure and contacting of these sample will be discussed below. 
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Figure 3.1: Screenshotsfrom a 12.5 GHzsampling oscilloscope showing the voltage pulse profiles 
of two settings of the pulse generator. (a) Profile of a 0.6 ns pulse with settings Tr=2, TJ=6. ( b) 
Profile of a 1.5 ns pulse with settings Tr=5, Tf=8. 

3 .1.1 Circular Py dots on a coplanar waveguide 

The first sample used in this workis schematically drawn in Figure 3.2. It consists of a 

GaAs wafer, on top of which a microscopie coplanar waveguide structure was deposited, 

with Au stripHoes of 200 om thickness and 50 J.lm width. The distance between the center 

of the Hoes is 150 J.lm. The stripHoes were covered with an insulating layer of SiNx to 

prevent a current flow through the magnetic elements, which were grown with Molecular 

Beam Epitaxy (MBE) on top of this SiNx layer. These magnetic elements consist of 

PermaHoy (Ni81Fe19) dots of 30 nm thickness, with diameters varying from 4 to 50 J.lm. 

Different Hoes contain Py dots with different diameter. At the sample edges, the stripHoes 

were oot covered with the insulating layer and there the stripHoes could be connected to 

the pulse generator. 

150 llm 
4-50 l1fTl 

200 IJ.m 200 nm 

Figure 3.2: Schematic layout ofthe contacting and structure of sample A. The relevant dimensions 
of the gold line and the Py dots are indicated. 
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Figure 3.3: In-plane easy axis hysteresis loop obtained with a static MOKE experiment on a 
circular Py dot of diameter 30 flln· This hysteresis loop shows a coercivity of0.4 kAlm. 

To minimize the impedance mismatch of the pulse generator and the sample at 

high frequencies, three striplines were terminated with resistors, see Figure 3.2. The 

connectors at both ends of the sample can be lifted upwards to conneet current lines with 

magnetic dots of different size. This way, experiments are possible on a large variety of 

Py dots. The pulse generator bas an output impedance of 50 .Q, whereas the de resistance 

of the sample (stripline- and contact-resistance) was 114 .Q. This results in severe 

amplitude decrease for frequencies above -5 GHz. Nevertheless, with this setup current 

pulses with a rise time of 200 ps could be sent through the striplines, fast and strong 

enough to induce precessional motion of the magnetization. An upper limit of the field 

pulse strength can be estimated with equation (3 .1). With V= 5 Volt, w = 50 J..lm and 

assuming Z = 114 .Q, one obtains Hpulse = 0.4 kAlm. 

In this work, the magnetization dynamics in Py elements with diameter 30 J..lm 

bas been studied. This diameter is chosen from practical point of view, since these 

elements were deposited on one of the first gold lines, which allowed for fast positioning 

of the laser focus on one of the dots on that line. The magnetic properties of this Py 

element are determined by measuring the static hysteresis loops, shown in Figure 3.3. 

This measurement shows a coercivity of 0.4 kAlm. Since this is a circular dot, no uniaxial 

anisotropy is expected in the plane of the dot and therefore no preferential direction of the 

rnagnetization. Further in this Thesis, we will refer to this sample as "sample A". 

3 .1.2 Rectangular magnetic tunnel junctions on a current line 

The second set of samples consists of a more complicated layer structure and is shown in 

Figure 3.4. It was grown and structured at Philips Research Laboratories. On top of a 

silicon/silicon-oxide substrate, a copper layer was deposited and pattemed into a large 

number of copper structures by means of conventionalliftoff techniques. These structures 

consist of two contact electrades of dimensions 100 x 400 J..lm, interconnected by a 
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capper line with a width of 25 Jlm. The thickness of the capper structure was chosen to 

match the de resistance of the lines as close to 50 Q as possible. At the center of the 

capper lines, a pile of several layers was grown to farm a magnetic tunnel junction. First, 

a Ta layer and a Py layer were deposited that act as seed layers to assure good growth of 

subsequent layers. The first one of these is an anti-ferromagnetic IrMn (10 nm) layer that 

farms with a CoFe (5 nm) layer an exchange biased pinned magnetic layer. A thin layer 

of aluminum-oxide acts as a tunnel barrier between the CoFe and a NiFe (5nm) layer (the 

soft free magnetic layer). The whole stack was covered with Ta (3.5 nm) as a capping 

layer to prevent oxidation of the magnetic layer. The lateral dimensions of these tunnel 

junctions vary from 9 x 70 Jlm2 to 5 x 5 Jlm2
• After deposition the exchange bias was in 

the direction perpendicular to the current line, thus in the same direction as a current 

induced magnetic field pulse. 

In the original design ofthis sample, two capper electrades on top ofthe junction 

were also included to be able toperfarm four-point electrical measurements [16]. In order 

to have optical access to the free magnetic layer, these top electrades were in our case 

omitted and the Ta farms the top layer. . The large contact electrades are also covered 

with the layers used for the magnetic tunnel junctions. Due to this additional amount of 

magnetic material, the total magnetic moment ofthe sample is enough toperfarm SQUID 

measurements. 

The connectors of sample A could nat be used in combination with a microscope 

objective, due to the smal! focal distance. Therefore, a different methad of connecting the 

pulse generator to the sample was made. 

Figure 3. 4: The layout and structuring of sample B. The top part shows microscope pictures of 
magnification 2.5 (a) and 50 (b). The contact electrodes, capper line and magnetic element can be 
clearly seen. The magnetic element has dimensions 9 x 13 J.ml. The bottorn part shows the layers of 
which the magnetic element consists, including their thickness. 
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Figure 3.5: The contacting of sample B that is optical/y accessible with a microscope objective. 
The top part shows a picture of the sample ho/der, in which the sample, contacting e/ements and 
coax cable can be seen. The bottorn part shows a schematic drawing of the contacting pads and 
the sample structure. 

As shown in Figure 3.5, two stiff copper wires with pins at the end are pressed on the two 

copper contact pads of a particular junction, while keeping the wires as parallel to the 

sample surface as possible. These wires are soldered on larger electrades that are 

connected to a coax cable. This contiguration is not a waveguide structure, but 

nevertheless it proved to be possible to send short current pulses through the wires. In this 

case, the de resistance could be set almost exactly to 50 Q by choosing the proper 

position of the pins on the copper contact pads. The influence of the extra layers on the 

contact pads was such that aft er contacting, the res istance was of the order of several MQ 

due to the tunnel harrier and the oxidized tantalum. However, by applying a de voltage of 

a few Volts, dielectric breakdown ofthe tantalum-oxide and aJuminurn-oxide resulted in a 

resistance drop down to 48.4 n, an indication that the interface resistance was reduced to 

almost zero. An estimation of the magnetic field pulse strength, calculated from (3 .1) 

with V= 5 Volt, Z = 48.4 Q an:d w = 25 ~m, is Hpulse = 2.1 kAlm. This is five times 

higher than in the case of sample A, due to the lower impedance and smaller width ofthe 

current line. 

The magnetic properties of this sample are determined from SQUID 

measurements. With this techn:ique, hysteresis curves are obtained that show the pinned 

and the free layer as in Figure 3.6a. The CoFe layer is strongly exchanged biased with the 

anti-ferromagnetic layer, with an exchange bias field of Hex = 22 kAlm. The "free" NiFe 

layer is clearly coupled to the CoFe layer, as the switching fields are shifted to positive 

field values. The interlayer coupling field is, however, much smaller than the exchange 

bias field, H ;nt = 2.4 kAlm. The coercivity ofthe free layer is determined to be 0.7 kAlm. 
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Figure 3.6: SQUID measurements of the magnet ie layers of sample B. (a) Hysteresis loop befare 
annealing. The pinned andfree layer are visible, but the switching fields are not well defined. (b) 
Hysteresis loop after annealing of the sample, but without rotating the exchange bias direction. 
The pinned and free layer are well separated, the switching fields are much more defined and the 
remanence is increased. The magnetic moment is different since these measurements were 
performed on different sample pieces. 

As mentioned before, the exchange bias direction was initially in the direction of 

the field pulse, and consequently the direction of the interlayer coupling to the free layer 

as well. In order to excite the magnetization of the free layer, there has to be an angle 

between the magnetization and the field pulse, preferably 90°, since this yields a 

maximum torque. In principle this can be done by applying an extemal bias field that 

compensates for the interlayer coupling field and also rotates the magnetization 90°. 

However, a much nicer way to do this is to rotate the exchange bias direction in the plane 

with 90°. This can be done by annealing the sample above the blocking temperature of 

the anti-ferromagnetic layer and letting it cool down in an extemal magnetic field in the 

preferred direction. Moreover, annealing the sample impraves the quality of the layers 

and the interfaces. This can be seen in Figure 3.6b, which shows a SQUID measurement 

of an annealed sample in which the exchange bias direction was not rotated. The 

switching regime of the free and pinned layer is well separated and the switching fields 

are much better defined. The exchange field R ex has increased to 31 kAlm and the 

interlayer coupling field Hint to 5.0 kAlm. The coercivity of the free layer is reduced to 

0.5 kAlm. 

In this work, a magnetic element of dimensions 13 x 9 J.tm2 has been studied 

because, as the sample was fixed on the sample holder, only seven elements could be 

accessed electrically (see Figure 3.4). Three of these seven elements had dimensions 13 x 

9 J.tm2
, so we started with investigating one of these elements to spare the other ones for 

example in case the current line would be overloaded. We will refer to this sample as 

"sample B". 
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3.2 Optical techniques 

3.2.1 Magneto-Optical Kerr Effect 

The magneto-optical Kerr effect (MOKE) was frrst discovered in 1877 by John Kerr, who 

noticed that light, reflected from a magnetized surface, experiences a change in 

polarization state. The origin of this effect lies in the interaction of photons with electrans 

in the conduction band of the magnetic materiaL Optica! selections rules only allow 

transitions for which 1:11 = 1 and !:1m = ±1, with l the orbital and m the magnetic 

quanturn number of the electrons. The photons thus couple to the orbital angular 

momenturn of the electrons. Due to the spin-orbit interaction, the orbital angular 

momenturn of the electrans L is correlated to their spin angular momenturn S . One is 

thus able to probe the spin system via the optica! selection rules on orbital angular 

momentum. In ferromagnetic transition metals, which we will study in this work, the 

orbital angular momenturn L of the electrans is significantly quenched. Therefore, the 

magneto-optical effect is very small, however, it is still measurable. 

In MOKE experiments, a laser beam of known linear polarization is used. When 

this beam is incident on a magnetized sample, the MO Kerr effect results in a change of 

the polarization angle and an increased ellipticity. This can be understood when linear 

polarized light is viewed as a combination of left- and right-handed circularly polarized 

light. An electron spin imbalance, present in a magnetized sample, will lead to different 

absorption rates and phase shifts for left- and right-handed circularly polarized light, 

when reflected from the surface. Consequently, the polarization state of the laser beam is 

nat conserved. The magnitude of the Kerr-effect is proportional to the magnetization of 

the sample. In non-magnetic metals, where there is no difference between the electronk 

band structure of spin-up and spin-down electrons, no MO Kerr effect is present. 

Based on the geometry of the optica! configuration, three types of the Kerr effect 

can be distinguished. They are defined depending on the orientation of the magnetization 

with respect to the sample plane respectively the plane of incidence of the laser beam, see 

Figure 3.7: the longitudinal Kerr-effect, the transversal Kerr-effect and the polar Kerr

effect. The magnitude of the Kerr-effect is different in each case. The two main 

parameters that deterrnine the magnitude are the angle of incidence of the linearly 

polarized laser beam and its polarization state with respect to the plane of incidence. The 

polarization can be parallel (p) or perpendicular (s) to the plane of incidence. Since the 

transversal Kerr-effect is much smaller than the longitudinal and polar Kerr-effect, it will 

nat be considered in this work. We will calculate the magnitude of the MO Kerr-effect in 

the longitudinal and polar geometry, for the case of a magnetic layer with a thickness 

much larger than the penetration depth of light. 
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Longitudinal Transversa I Po lar 

Figure 3.7: The three different Kerr-geometries depending on the orientation ofthe magnetization 
of the magnet ie element with respect to the element surface and the plane of incidence of the Laser 
beam. Only the Longitudinal and polar geometry are considered in this work. 

Starting with a magnetization dependent dielectric tensor and solving the 

Maxwell equations for the case of a reflection from a single magnetized surface [17], the 

polarization state of the reflected light beam is given as follows: 

(3.2) 

where ru are the elements of the Presnel reflection matrix and represent the ratios of the 

incident j polarized electric field (Ejo) and the reflected i polarized electric field (Ej). 

These elements can be expressed as 

_ ~ cos Ba -na cos B, . 2nan1 cos Ba sin B,mxQ 
rPP - -z 

n1 cos Ba +na cos B, ~ cos Ba + na cos B, 

. na~ cos Ba ( mz cosB,- my sine,) Q 
r =z~------------~~------~----~-------

ps ( ~ cos Ba + na cos B, ) (na cos Ba + ~ cos B, ) cos B, 

. na~ cos Ba ( mz cos B, + my sine, ) Q 
r =z~------------~~------------~-------

sp ( ~ cos Ba + na cos B, ) (na cos Ba + ~ cos B, ) cos B, 

(3.3) 

na cos Ba-~ cosB, 
rss = 

na cos Ba + n1 cos 81 

with the complex refraction indices no and n1 at the air-sample interface and the incident 

angle Bo and complex refracted angle 81. mx, my and mz are the components of the 

magnetization vector (normalized to Ms) and Q is a complex constant that represents the 

strength of the magneto-optical effect. 

The Kerr rotation BK and ellipticity éK can be expressed in terms of these matrix 

elements in the following way: 

(3.4) 
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Figure 3.8: The MO Kerr rotation and ellipticity as a function of angle of incidence for the 
longitudinal (a) and polar (b) geometry. The rotation and ellipticity are calculatedfor both s and 
p polarized light for the case of Permalloy and À=600 nm. 

With the use of Snell ' s law, 81 in equation (3.3) can be elirninated. The Kerr rotation and 

ellipticity can then be calculated as a function of angle of incidence. The material 

parameters n and Q depend on the wavelength of the laser beam. For the case of 

Permalloy, for which n = 1.96- 3.3i and Q = 0.0079 + 0.0076i if À 1aser = 600 nm [18], the 

result for each polarization state is shown in Figure 3.8 for the polar geometry (mz = 1) 

and longitudinal geometry (my = 1). It is important to note that the polar Kerr effect is on 

average an order of magnitude higher than the longitudinal Kerr effect. In case of in-plane 

magnetization, the change in ellipticity is much larger than the change in rotation at low 

angles of incidence. Furthermore, the polarization change of the reflected laser beam 

from a Py surface with respect to the incident beam is very small, so sensitive modulation 

schemes are absolutely necessary to detect this effect. 

There exist also a corresponding MO-effect for a configuration with transrnitted 

light. Light transrnitted through a magnetized medium ( or passing through a region with a 

magnetic field) experiences a change in rotation. This effect is called the Faraday-effect 

and can influence Kerr-rotation measurements, for example when transparent optica) 

components (rnicroscope objective) are placed close to the sample in the magnetic field. 

In all experiments performed the Faraday-effect had no influence on the measurement 

signal, or was accounted for. 

3.2.2 Static MOKE 

Static MOKE is the technique for measuring the magnetization of a sample as function of 

an applied magnetic field. The change in magnetization is detected by measuring the MO 

Kerr ellipticity or rotation. For our static MOKE measurements the following optica! 

setup was used. A weak laser beam, reflected from a beam splitter from the output of a 

Ti-sapphire 82 MHz pulsed laser, is sent through a polarizer with its polarizing axis 45° 

with respect to the fast axis of the bi-refringent crystal of a Photo-Elastic Modulator 
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(PEM). This beam is directed off axis into a high aperture lens, that focuses the laser 

beam on the sample, see Figure 3.9. Due to this off-axis entrance, the angle of incidence, 

Bo, of the laser beam with the normal of the sample plane is non-zero. The setup is then 

sensitive to in-plane magnetization, however only with lirnited sensitivity, see Figure 3.8. 

The reflected light is picked up with a rnirror and directed through an analyzer to a Si

photodiode that serves as a detector. 

The photo-elastic modulator changes the polarization state of the laser light from 

left to right circular polarization by mechanically campressing the bi-refringent crystal. 

The frequency of this compression is 50 kHz, which is also the reference signal for a 

lock-in amplifier. It tums out that from the 1f (50kHz) and the 2f (100kHz) signa! on the 

lock-in amplifier, the Kerr-ellipticity respectively the Kerr-rotation can be calculated, 

according to 

(3.5) 

Here, In is the n-th order Bessel function and A the maximum retardation of the PEM. A 

detailed derivation of these lf- and 2f-signals, using the Jones calculus, can be found in 

[19] . The PEM thus allows for the detection of the very small changes in rotation and 

ellipticity by means of phase sensitive detection. The Kerr ellipticity and rotation are both 

linearly proportional to the magnetization, so from both signals parameters like the 

switching field(s) of the magnetic layer(s) can be easily extracted. Calibration of the 

signals to get magnetization values relative to Ms is also possible when the full switching 

curve is measured. 

high 
aperture 

lens 

relleeled 
laser 
beam 

magnetic 
element 

incident 
laser 
beam 

Figure 3.9: Schematic picture of an off- axis entrance of the incident laser beam into a high 
aperture lens. The angle of incidence, 80, is also shown. 
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The analyzer can be set with its polarizing axis parallel to the p- or to the s

direction of the reflected light. In most cases, aligning the analyzer parallel to the p

direction gives higher sensitivity. 

The magnetic field that is used to switch the magnetization is produced by a pair 

of Helrnholtz coils. These coils can generate a magnetic field up to approximately 14 

kAlm. Hysteresis loops are obtained by sweeping the field from negative to positive 

values and back. 

3.2.3 Time-resolved MOKE 

In time-resolved MOKE (TR-MOKE) experiments, the dynarnic response of the 

magnetization of a magnetic layer to an applied magnetic field is measured. The 

dynarnics occur on nanosecond time-scales. In order to study such fast magnetization 

dynarnics, a measurement setup based on a stroboscopic technique is used [20]. Magnetic 

field pulses are applied locally to a magnetic sample with the same repetition rate as a Ti

sapphire pulsed laser system. This laser system produces laser pulses of -70 femtosecond 

duration with a repetition rate of 82 MHz. The output power is approximately 1 Wattand 

the wavelength of the light can be varied between 720 and 900 nm. The laser pulses 

arrive at the sample with a defined time delay after the magnetic pulse. This delay time 

can be varied by using a mechanica} delay line that extends the optica! path of the laser 

beam. Via the MO Kerr-effect, each reflected laser pulse then gives information on the 

magnetization at the time delay set by the momentary position of the delay line. 

The complete optica! and electdeal setup is shown in Figure 3.10. A laser beam 

with a wavelength of À = 760 nm is splitted from the main laser beam with a beam 

splitter, and has an intensity of 70 mW. This probe beam is directed into an optica! delay 

line with a length of 30 cm that consists of three retro-reflectors. The probe beam thus 

travels four times through the delay line, so that the optica! path can be extended with 

1.20 m. The total time window that can be probed in this case is 4 ns (1.20 mI 3·108 rn/s). 

This is roughly one third of the total time between two pulses (82 MHz = 12.2 ns). The 

zero delay can be put into the time window of the delay line by choosing the proper 

lengthof the coax cable between the PIN-diode and the pulse generator. A coax cable of 

1 meter corresponds roughly to 5 ns extra traveling time of the trigger signal. After the 

delay line, the polarization of the laser beam is set parallel to the plane of incidence, since 

that polarization state has the highest transmission when using a beam splitter. 

The waist of the laser beam is increased with the use of a beam expander that 

consists of two positive lenses of different focallength. The lenses are arranged in such a 

way that their focal points coincide and the resulting width of the probe beam is increased 

with the ratio of the focallengths of the two lenses, see Figure 3.10. 
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Figure 3.10: Schematic picture of the electrical-pump I optica/ probe setup to detect the 
magnetization dynamics induced by short magnetic field puls es. 

This way, the large aperture of the lens that focuses the probe beam on the sample is used 

more efficiently, which gives a spot size closer to the theoretica! minimum spot size and 

thus a higher spatial resolution. 

Two different lenses were used to investigate the samples. A High Aperture Laser 

Objective (HALO) with a numerical aperture (NA) of 0.38 and focal length of 30 mm 

was used with sample A. This HALO can produce theoretically a diffraction limited spot 

of diameter dof 2.5 j..lm, according to the following formula [21]. 

d = 1.27À 
NA 

(3.6) 

With sample B a microscope objective was used with a numerical aperture of 0.65. The 

distance between sample and objective was only -1 mm. The theoretical diffraction 

limited spot size of the microscope objective is 1.5 j..lm. In both calculations, a laser 

wavelength of À= 760 nm is used. The focused laser power on the sample is estimated to 

be of the order of 1 mW. Since the laser beam is focused on a few j..tm2
, the power density 

is of the order of 1 mW/j..tm2
, which will cause alocal temperature rise of the sample of 

several tens of degrees. However, this increase in temperature occurs in a few ps, whereas 

the information carried by the reflected light is from the first few 100 fs. Therefore, it will 
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have no effect on the measurement, provided that a possible effect, which the heat pulse 

can have on the motion of the magnetization, is damped out before the next magnetic 

field pulse arrives. 

The laser light reflected from the sample travels backwarcts into the lens and is 

splitted with the beam splitter. The reflected part passes through a second polarizer, 

which functions as an analyzer. The polarization axis of the analyzer is set to 45° relative 

to that of the first polarizer. In this configuration, the Kerr-rotation is observed, which is 

convenient when measuring an out of plane magnetization only, since the MO-effect is 

highest in this case. In case one wants to measure the Kerr-ellipticity, a À./4-plate is 

inserted in the setup in front of the analyzer, with its slow axis oriented perpendicular to 

plane of incidence. For both cases, the signal analysis with the u se of the Jon es calculus is 

shown below. 

The polarization state of the incident laser beam is represented by Eo. E1 and E2 

are the polarization states of the laser beam after passing the optical elements, for the case 

withoutand with the À/4-plate resp. They are given by 

(I IJ[ 45' 2 2 r PP 
El = M ana M reji E O = .l .l r 

2 2 sp 

rps ](1J- 1 [1+e:+ic;J 
r...s 0 - 2

rpp 1 + e: +ie: ' 
(3.7) 

rP" J(1) =_I [1-c: +ie: J. (3_8) 
r~s 0 2

rpp 1- c; +ie; 

90' 45' M refl , M ;.14 and M ana are the Jon es matrices for reflection on the sample, the À./4-plate 

and the analyzer resp. The intensity on the detector for both cases is 

(3.9) 

I 2 -I E 2 1
2 

= FzrPI' ( 1 - 2c: + ( E: ) 2 

+ ( e: ) 2 

) = Fzrpp ( 1 - 2c: ) . (3.10) 

We see that the intensity contains a component due to the Kerr-rotation (no À/4-plate) or 

the Kerr-ellipticity (with À/4-plate). 

These components are very small and in order to detect them, and to imprave the 

signal-to-noise ratio, a modulation scheme is used. The 82 MHzmonitor signal from the 

Ti-sapphire laser system, that functions as the trigger signal for the pulse generator, is 

sent through a PIN-diode, to which a 10 kHz square wave gate signal is supplied. The 

monitor signal is thus modulated with 10 kHz and as a result, the magnetic pulses that 

induce the fast magnetization dynamics are modulated into 10 kHz pulse trains, see 

Figure 3.10. The detector signal will then contain a 10 kHz component that is extracted 
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with the use of a Stanford Research Systems DSP lock-in amplifier. Signal-to-noise ratios 

up to 200:1 can be achieved this way. It is important to stress that the lock-in signa] is 

linearly proportional to the change in rotation or ellipticity of the reflected probe beam 

due to the output current of the pulse generator. The intensity signal was measured 

simultaneously with the lock-in signa] , by extracting the DC-signal with a ]ow-pass filter. 

The magnetic bias field in the horizontal direction of the sample plane is 

produced by the same pair of Helrnholtz coils as in the static MOKE case. These coils 

were used to apply a bias field perpendicular to the current line when the magnetization 

dynarnics in sample A was investigated. The magnetic field in the vertical in-plane 

direction is produced by a u-shaped electramagnet (ornitted in Figure 3.10). The sample 

holder could be placed right between the two poles of the magnet Bias fields 

perpendicular to the cunent line of sample B could be produced up to 8 kAlm. The 

magnetic field from this magnet is, however, expected to be Jess uniform then the field 

from the Helrnholtz coils. 

3.2.4 Vectorial TR-MOKE 

The time-resolved magneto-optical technique explained in the previous section is only 

sensitive to the out-of-plane magnetization of the sample, since the polar geometry is 

used and the reflected light is collected by a single detecting element. In order to get a 

complete picture of the motion of the magnetization vector, also the in-plane components 

must be measured. Especially in the case of large angle excitations, the out-of-plane 

signal alone does nat give enough information on the complete motion of the 

magnetization vector. In recent years, the out-of-plane component was measured by 

several experimental groups with the use of the Ken-effect, while for detecting the in

plane components, different techniques have been developed. For example, the pure 

transverse Ken-effect is used in [22] and magnetization induced second harmonie 

generation is used in combination with polar MOKE in [14] , [23]. 

In this work, a methad for detecting the in-plane components was developed that 

is sirnilar to the methad in [18] and is based on the following principle. Although the 

probe beam is incident perpendicular to the sample plane, due to the finite width of the 

beam some of the light will have an angle of incidence that is larger than 0° when it is 

focused with a high NA lens, as visualized in Figure 3.11. The average angle of incidence 

of the whole converging laser beam is, of course, 0° to the normal of the sample plane. 
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Figure 3.11 : Ge ometry of the Jour-quadrant 
detection scheme. The rejlected light from 
the magnetic structure is mirrored, in order 
to separate the incident and reflected laser 
beam. fis the focal length of the lens, d is 
the waist of the laser beam and a is the 
average angle of incidence for the dark part 
ofbeam. 

Quadrant Sensitive to 

A Kr(MrM..J + KJJ"Mz 
B K1{Mx+M;) + _&·Mz 
c Kr(-Mx+My) + Kp·Mz 
D Kr( -Mx-MJ + Kp·Mz 

Magnetization Proportional to 
components 

Mx (A+B) - (C+D) 
My (A+D) - (B+C) 
Mz A+B+C+D 

Table 3.1: The components of the 
magnetization to which the quadrants are 
sensitive, with K1 and Kp the longitudinal 
and po/ar Kerr effect for a certain average 
angle of incidence resp. (top). The addition 
and subtracting ru/es to calculate the 
components ofthe magnetization (bottom). 

Let us consider the average angle of incidence of the left half of the probe beam, 

as in Figure 3.11. With a microscope objective (NA 0.65) and assuming a uniform 

spherical laser beam, this angle is 15° degrees. Thls part of the probe beam is thus able to 

probe the in-plane magnetization in the +x -direction, as well as the out-of-plane 

magnetization ( +z -direction). According to Figure 3.8, the Kerr-effect due a 

magnetization component in the x-direction is very different from the Kerr-effect due to a 

component in the z-direction. The same applies for the right half of the probe beam, 

which probes the magnetization in the -x -direction, as well as the out-of-plane 

magnetization ( + z -direction). If the left and right parts of the reflected probe beam are 

detected separately, the difference of the signals will be proportional to the in-plane 

magnetization, while the sum of the signals will be proportional to the out-of-plane 

magnetization. 

The above method can be extended for measuring three dimensions by consiclering four 

parts ofthe probe beam, also shown in Figure 3.11. The resulting analysis ofthe signals 

is shown in Table 3.1. 
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Figure 3.12: Three-dimensional view of the optica/ setup, which shows the main optica/ 
components needed to detect the magnetization dynamics. 

For clarity, a three-dimensional view of the optica! setup used with sample B is 

shown in Figure 3.12. The main optica! components needed to detect all the components 

of the magnetization dynamics are indicated. The reflected light from the sample is 

focused on a four-quadrant detector, after passing through the analyzer. This way the 

Kerr-rotation ( or Kerr-ell ipticity in case a À./4-plate is used) of the reflected laser beam is 

measured. As can beseen in Figure 3.8, in the longitudinal geometry the Kerr-e llipticity 

is much larger than the Kerr-rotation, in the case of layer thicknesses larger than the 

penetration depth ofthe laser light. 

It will be clear that the alignment of the probe beam on the optica! elements, 

especially with respect to the microscope objective and the four-quadrant detector, is of 

crucial importance to be able to use the addition and subtracting rules of Table 3.1. 

Misalignment of the probe beam into the microscope objective or onto the four-quadrant 

detector will destroy the symmetry between the four parts of the beam. As a result, the 

sensitivity to the in-plane magnetization of the four parts of the probe beam changes, 

since the average probe angle will change. In practice, however, these problems can be 

well handled. When the alignment is good, the calculated signals for the x-, y- and z

component of the magnetization will have only some minor cross talk, after using the sum 

and difference rules ofthe detector signals according to Table 3.1. Ifthe laser beam is put 

on the quadrant detector in such a way that the DC power on the quadrants is the same, 

any crosstalk present will then be caused by a misalignment ofthe incident laser beam on 

the microscope objective. We can correct for the crosstalk afterwards, by demanding that 

the phase difference between, for example the y- and z-direction, has to be close to 90° 

when a precessional motion is observed. This can be accomplished by multiplying the 

signals A, B, C and D with correction factors. The total (A+B+C+D) signa! amplitude 

has to be preserved, otherwise it will affect the Mz-measurement. The correction 

procedure has thus the effect of setting the sensitivity to the in-plane magnetization of all 

the quadrants equal. This way, the measurement data can be corrected for any small 

misalignment present in the setup. 
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Quadrant Sensitive to Magnetization Proportional to 
components 

A -Kn·Mv + K0 ·Mz My CA·A- Cs ·B 
B +K1z·My + K_l)"Mz Mz CA·A + Cs·B 

Table 3.2: Adding and subtracting rules in the case when measuring with two quadrants, and 
allowing forsome cross talk. Ku and K12 are the longitudinal Kerr effect for different average angle 
of incidence resp. (top). cA and c8 are the correction factors needed to correct for the crosstalk 
(bottom). 

In this work, the laser beam was focused on two quadrants, instead of four, since 

the detection scheme and alignment of the optica) components was much easier this way. 

Moreover, with high biasfieldsin the x-direction, the precession amplitude will be small, 

and the change in Mx will be much smaller than the change in My. Therefore, the four

quadrant detector was aligned such that My and Mz were measured. Actding and 

subtracting the resulting lock-in signals gives in this case the magnetization components 

as shown in Table 3.2. The correction procedure is performed with two correction factors 

for each quadrant (cA and c8) , in order to set the sensitivity K11 and K12 in Table 3.2 equal. 

Furthermore, whenever the magnitude of the magnetization vector is constant and equal 

to Ms. measuring two of the three components is sufficient to construct the total 

magnetization vector. 

The calibration of My and Mz to obtain values relative to Ms was done in the case 

of sample A in the following way. With a 10kHz square wave from a function generator, 

an alternating current was supplied to an external coil that induced magnetic fields in the 

+y- and -y-direction. Two quadrants of the detector were used to detect the in-plane 

variation of the magnetization. Above certain magnetic field strengths, full switching was 

achieved which yielded the maximum signa! on the lock-in amplifier. This value was 

used to calibrate the My-measurements in the time-resolved experiments. With the now 

calibrated My-data as reference, the numerical LLG-model was used to calculate the 

amplitude of Mz oscillation. This way, also the Mz-data could be normalized to Ms. 

In the case of sample B, the current line itself was used to produce the in-plane 

alternating magnetic field with a 10 kHz square wave. In order to achieve switching, an 

external bias field had to be applied to compensate for the interlayer coupling field . 

Again, at full switching the lock-in amplifier yielded the maximum signa) , which was 

then used to calibrate the time-resolved data. The calibration of Mz was again done with 

the use of the numerical LLG-model. 
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4 Results 

This chapter will discus the main results of the measurements that have been performed 

on the two magnetic samples with the experimental setup described in the previous 

chapter. First, the measurement data will be presented that successfully demonstrates the 

vector-resolved TR-MOKE setup. Vectorial measurements with different magnetic field 

pulses will be discussed and compared with simulations from the LLG-model. It will also 

be shown how these data can be used to extract the exact magnetic field pulse profile. 

Next, we will focus on the bias field dependenee of the precessional frequency. The 

Gilbert damping parameter of the Py layer in the two samples will also be briefly 

addressed. Large angle excitations of the magnetization in sample B will be presented and 

discussed in detail. This chapter will conclude with a study of the spatial dependenee of 

the magnetization dynamics. It will be shown that different edge modes coexist in the 

sample, which can be attributed to the interaction of different local magnetic fields with 

the spins near the edge of the sample. Finally we will show how the dynamic response of 

the magnetization in a magnetic element can give information about the static domain 

pattem in the element. 

4.1 Demonstration of the vectorial TR-MOKE setup 

Sample A 

Vectorial measurements of the magnetization have first been carried out with sample A, 

using the HALO to focus the laser beam. In order to increase the light intensity on the 

detector, the probe beam was sent off-axis into the HALO and the reflected beam was 

picked up in its full intensity by a mirror, which replaced the beam splitter. A À/4-plate 

was used to detect the changes in ellipticity, since the signal for the in-plane 

magnetization proved much higher than for the case of rotation. This is in agreement with 

Figure 3.8 from the previous chapter. 
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Figure 4.1: Raw lock-in data from two 
quadrants of the detector, normalized to the 
de voltage on the detector. Pulse settings are 
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Figure 4.2: My and Mz calibrated to Ms, 
extracted from the raw lock-in data of 
Figure 4.1. 

Figure 4.1 shows the raw data from the two lock-in amplifiers after applying 

voltage pulses of -0.6 ns. The bias field in this case is 2.4 kAlm, large enough to saturate 

the magnetization along the x-axis, except perhaps at the edges of the dot. The laser spot 

is focused on the central region of the dot with a spot size of -6 J..tm. It can already be 

seen that the signals from the two quadrant are different, an indication that they contain 

different components. 

Befere adding and subtracting these signals, an amplitude correction to the raw 

data was carried out in order to remove the crosstalk between the quadrants, as explained 

in sectien 3.2.4. The correction factors needed were cA = 0.95 and cB = 1.05, which 

indicates that the alignment of the optical components was satisfactory. It must be noted 

that these correction factors had to be changed only if the alignment of some of the 

optical components was changed. The added and subtracted data, after phase correction 

and calibration, are shown in Figure 4.2. From this figure, we see that subtracting the 

signals efficiently removes all correlated noise between the two quadrants, and as a result, 

the my data contains only very low noise. From the calibration procedure described in 

section 3.2.4 the sensitivities to my and mz could be calculated. The ratio between the 

sensitivity to mz and my was 90: 1. As the amplitude of the my-oscillation is roughly 22 

times larger than the amplitude of the mz-Oscillation, the Mz-signal is dominant in Figure 

4.1. The contribution of the My-signal can, however, still be seen. This large difference in 

amplitude means that the precessional motion is indeed strongly elliptical, as expected 

from the simulations. 

When the out-of-plane data is plotted versus the in-plane data, as in Figure 4.3, 

the excitation and relaxation of the magnetization vector can be easier visualized. 

Compared with the simulation in Figure 2.2f, a strong resemblance can be seen, an 

indication of the fact that the applied magnetic field pulse is indeed shorter than the 

precession frequency. 

38 



4.1 Demonstrafion ofthe vectorial TR-MOKE setup 

0 .010 

0.005 

., 
~ 0 .000 .._ 

N 

~ 

-0.005 

Pulse max 

-0.010 
-0.1 0.0 0 .1 0.2 

M /M 
y 5 

Figure 4.3: Mz-My-plot of the data of Figure 4.2 showing the excitation and the following damped 
precessional motion of the magnetization vector. The precession center, when the field pulse 
amplitude is maxima[, is indicated with a cross. 

A second measurement is carried out with the same bias field of 2.4 kAlm, but 

with field pulses of -1.5 ns (see Figure 3.1b). The lengthof these pulses is much langer 

than the precession frequency, and precessional dynamics similar to the one shown in 

Figure 2.2c is expected. 

The signals obtained from the two quadrauts are shown in Figure 4.4. Applying 

the same phase correction procedure (cA= 0.87, c8 = 1.13) and adding and subtracting the 

two signals yield after normalization the mz and my time dependenee as plotted in Figure 

4.5. This picture shows strong similarities with Figure 2.2c, but contains also some 

interesting features that are nat seen in the previous measurement and neither in Figure 

2.2c. 
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Tr=5 and Tf=B, tputse := 1.5 ns, Hbias=2.4 
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Chapter 4 Results 

First, the my-data shows a negative value between 0 and 1 ns, a high positive 

value between 1.5 and 3 ns, and an oscillation around zero during the remaining 5.5 ns. 

The reason for this behavior can be seen in the voltage-pulse profile of Figure 3.1b. 

During the 1.5 ns befare the rising edge of the voltage-pulse, the applied voltage is 

negative, which induces a current in the stripline that produces a field in the y-direction. 

Consequently, the effective field is not completely aligned in the x-direction and the 

magnetization acquires a component in the -y-direction. The duration of the pulse is 

about 1.5 ns and during this time the magnetization precesses around the effective field 

that now bas a relative strong component in the +y-direction. After the field pulse is over, 

the voltage is essentially zero, so no current will be present and the magnetization 

precesses around the x-axis befare damping out. 

Second, the mz-data shows an oscillation around mz values that are slightly 

negative during the first 1.5 ns and positive between 1.5 and 3 ns. The LLG-model 

however, shows that this cannot be the case when the field pulse bas no z-component, as 

shown in Figure 2.2c. This measurement data can be explained if the fact that the probe 

beam enters the HALO off-axis is taken into account. An off-axis entrance leads to a non

zero average angle of incidence and as a result, the probe beam is sensitive to mx. Both 

quadrants will then piek up a signal with a component proportional to the change in mx. 

The added signal will be not solely proportional to mz, but to mz and mx, of course with 

different sensitivities (sirnilar to quadrant A and B in Figure 3.11 and Table 3.1). So when 

the field pulse is at its maximum, the mx-component will be significant and the added 

signal will show an oscillation of mz around a non-zero value. The motion of the 

magnetization vector is even better illustrated when plotted in a my-mz-t-graph as shown 

in Figure 4.6. 
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Figure 4.6: my-mz-t-plot of the data of Figure 4.5, showing the excitation of the magnetization 
vector and the following damped precessional motion around two effective field directions. The 
first effective field is when the field putse is present and the final effective field is the x-axis, when 
the field putse has ended. 
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4.1 Demonstrafion ofthe vectorial TR-MOKE setup 

Sample B 

In the optical setup used with sample B, the beam splitter is used since the absolute 

aperture of the microscope objective is too small to allow for an off-axis incidence of the 

probe beam. The Kerr-rotation proved to be larger for in-plane magnetization than the 

Kerr-ellipticty, so no À./4-plate was inserted. This is not in contradietien with Figure 3.8, 

since the thickness of the Py layer (5 nm) is less than the typical penetratien depthof light 

(13 nm), which means that equation (3.3) is not valid. 

A typical measurement of the response of the magnetization vector to a magnetic 

field pulse of -0.6 ns is shown in Figure 4.7. Here, the laser spot is focused at the center 

of the dot and no external magnetic field is applied. The static field is in this case the 

interlayer coupling field, which is directed along the x-axis. The calibrated Mz and My 

data from this measurement are shown in Figure 4.8. This figure is similar to Figure 4.2, 

as is expected since the same voltage pulse is applied. The ratio of the calculated 

sensitivities tomzand my is found to be 140:1. As the variatien in my was in this case also 

-23 times larger than the variatien in m z, the mz-signal is slightly more dominant in 

Figure 4.7 than in Figure 4.1, so the signals on quadrant A and B look very similar. 

However, the my-data contains much more noise than the mz-data. This may be 

due to a reduced Kerr-effect since the layer is thinner than the penetratien depth of light. 

The precessional motion of the magnetization can be more clearly seen in Figure 4.9, 

which shows the m z-my-plot of this measurement. From this figure we see that the 

magnetization is not uniformly spiraling towards the x-direction, as in Figure 4.3. This 

may be due to the specific shape of the magnetic field pulse. A long fall time of the pulse 

will cause a slow retuming of the effective field to the x-direction, and relatively streng 

after pulsing can cause additional (small) excitations of the magnetization. 
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Figure 4. 7: Raw lock-in data from two 
quadrants of the detector, normalized to the 
de voltage on the detector. Pulse settings are 
Tr=2 and Tf=6, tpulse =0.6 ns, no biasfield is 
applied. 
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Figure 4.9: m,-my-plot of the data of Figure 4.8, showing the excitation and the following the 
damped precessional motion ofthe magnetization vector. 

In conclusion, we have shown that 

• it is possible to extract the components of the magnetization vector from the signals 

of a four-quadrant detector. 

• the signals obtained have a signal-to-noise ratio as high as 200:1. 

• these two properties, combined with a spatial resolution of 1 J.lm and a temporal 

resolution well below 10 ps make this setup an excellent experimental tooi to 

investigate the magnetization dynarnics on small magnetic elements. 

• the measured motion of the magnetization vector, induced by different magnetic 

field pulses, agrees well with the expectations from the numerical LLG-model. 

4.2 Calculation of the field pulse profile 

The measurements shown in the preceding section indicate that we abserve a different 

response of the rnagnetization vector when voltage pulses with different shape are 

applied. Por example, the 1.5 ns voltage pulse gives rise to magnetization dynarnics 

expected from a -1.5 ns magnetic field pulse. However, it is not clear to what extend the 

rnagnetic field pulse resembles the voltage pulses of Figure 3.1. In order to campare these 

two pulses profiles, equations (2.18) and (2.19) are used to calculate the magnetic field 

pulse profile from the measurement data. In these equations, derivatives and integrals of 

the measured data are required, which introduce some complications. In order to properly 

differentiate the measured data, some smoothing is required, since the differentiation 

eperation is very sensitive to noise. As to the integration of the mz-data, any offset in the 

signal must be removed, otherwise this will give a large linear contribution to the 

integrated data. Finally, the constants M5, Hbias. a and Yo must be estimated in order to 

have the proper balance between the different terms. a can be extracted from the 

measurement data. Values for Ms and Yo for PermaHoy dots have been obtained from 

42 



4. 2 Calculation of the field pul se profile 

literature [ 11] but the strength of the bias field is less accurately known, due to calibration 

issues with our Gaussmeter. The calculated my and mz can also contain some 

uncertainties, as a result of errors in the calibration procedure. In practice, the presence of 

oscillations, superposed to the pulse shape and with the same period as the measurement 

data, is a clear sign that the balance between the terrns in equations (2.18) and (2.19) is 

nat right. The dominant term can be found by looking at the phase of these oscillations. 

Sample A 

The measurement data of Figure 4.2 and Figure 4.5 are used to calculate the magnetic 

field pulse shapes. The results from these calculations are shown in Figure 4.10 and in 

Figure 4.11. Figure 4.10 shows that the calculation of the magnetic field pulse from bath 

my-data and mz-data yield the same profile, illustrating that the metbod gives 

unambiguous results. In Figure 4.11 only the calculation from the my-data is plotted, 

since the mz-data could nat be used due to a slight mixing with mx. as mentioned earlier. 

The main features of the calculated field pulse agree well with the asciiloscape picture. 

After pulsing seen on the asciiloscape picture appears in the calculated field pulse as 

well. A major difference is the increased rise and fall time of the pulses, which is caused 

by contact imperfections and the impedance mismatch. 

The amplitudes of bath pulses depend on the calibration procedure, since an error 

in the procedure can e.g. lead a higher my value and consequently to a higher pulse 

amplitude, see equation (2.18). The amplitude of the 0.6 ns pulseis calculated to be 0.3 

kNm, slightly lower than the estimation of 0.4 kNm with equation (3.1). This may be 

attributed to the impedance mismatch between the pulse generator and the sample 

waveguide, which causes amplitude losses at high frequencies. The amplitude of the 1.5 

ns pulse, 0.45 kNm, is higher than the 0.6 ns pulse, most likely because this pulse 

contains lower frequencies components that are nat suppressed. 
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Figure 4.10: Magnet ie field putse calculated 
from both the my- and mz-data of Figure 4.2, 
with the use of equation (2.18) and (2.19). 
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Figure 4.12: Magnetic field pulse calculatedfrom both the my- and mz-data of Figure 4.8, with the 
use of equation (2.18) and (2.19). 

SampleB 

The same procedure has been applied to the experimental data from sample B of 

Figure 4.8. The magnetic field pulses calculated from both the mz and my data are shown 

in Figure 4.12. 

In this case, the field pulses obtained with formulae (2.18) and (2.19) do not fully 

overlap. Although they both showastrong field pulse of approximately 0.7 ns, the pulse 

calculated from the mz-data has a very long decay, whereas the pulse calculated from the 

my-data contains a sharp falling edge and strong after pulsing. The origin of these 

differences may lie inthefact that the approximation Mx = Ms , used in equations (2.18) 

and (2.19), is no longer valid in this case. During its precession, the magnetization vector 

makes an angle of 23.5° with the x-axis, which implies that at the extremes mx has 

decreased by almost 10% (in the case of sample A this decrease was only 1% ). 

Simulations with the numerical model show that the pulse, calculated from the my-data 

contains more after pulsing than the one calculated from the mz-data. However, the 

differences in Figure 4.12 are much larger. Another reason for these differences may be 

that the 13 x 9 J..lm2 element has a weak uniaxial in-plane anisotropy in the y-direction, as 

we will show in the next section, and this anisotropy is not included in the denvation of 

equations (2.18) and (2.19). 

The pulse amplitude is results from the calibration procedure and therefore, the 

amplitudes of both pulses in Figure 4.12 are the same. The value of Hpulse = 1.2 kAlm is 

four times higher than the magnetic field pulse from sample A. The lower de resistance 

and the reduced width of the current line are most likely responsible for this increase in 

amplitude. However, the amplitude of the field pulse is much lower than the estimated 

value of 2.1 kAlm with equation (3.1). We attribute this difference to the impedance 

mismatch at high (>3 GHz) frequencies. 
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4.3 Bias field dependenee of the precessional motion 

In this section we have demonstrated the procedure to calculate the shape and amplitude 

of the magnetic field pulses. We can conclude that 

• the metbod gives unambiguous results, since the calculation from both my-data and 

mz-data give the same pulse shape, in the case of sample A. 

• the obtained pulse shapes have a similar shape as the corresponding voltage-pulses. 

• the metbod with formulas (2.18) and (2.19) may fail when more complicated 

magnetic structures are studied and larger excitations are induced. 

4.3 Bias field dependenee of the precessional motion 

Sample A 

A series of measurement have been performed on sample A to investigate the bias field 

dependenee of the precessional motion. The measurement data was fitted with an 

exponentially damped sine-wave in order to extract the precession frequency and the 

characteristic time of the damped motion. The precession frequency as a function of the 

applied bias field is plotted in Figure 4.13. A fit to the Kittel-formula (frrst formula in 

(2.14)) is shown as well, with Ms = 900 kAlm. 

The data agrees well with this formula down to 0.8 kAlm. At lower fields, a 

frequency could no longer be determined, due to two different reasons. First, the accuracy 

of the frequency obtained from the fit with an exponentially damped sine-wave became 

very low, since the oscillation period was comparable to the characteristic time of the 

damped motion. Second, the signal-to-noise ratio decreased due to less coherent motion 

of the spins across the laser spot at low fields. A typical example of this incoherent 

behavior can beseen in Figure 4.14, which shows a measurement with Hbias = 0 kAlm. 
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Figure 4.13: The precession frequency for different bias field strengths. A fit with the Kittel
formula (2.14) with Ms = 900 kAlm is also shown. 
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Figure 4.14: Response ofthe magnetization toa magneticfield pulse of0.6 ns at zero bias field. 

The spins show a coherent motion only in the presence of the magnetic field pulse. This 

means that the spins precess around different effective field directions due to local static 

fields (e.g. anisotropy) and only in the presence of the field pulse they have a camman 

component in their motion. 

The Gilbert damping parameter a, calculated from the characteristic time with 

equation (2.14), is equal to 0.011. lt is indeed independent of Hbias down to 0.8 kAlm as 

expected when H~ « M s • This value for a is consistent with literature values for 

PermaHoy [24]. 

Sample B 

The precessional motion of the magnetization vector in the 13 x 9 J.!m2 MTJ element has 

also been investigated as a function of the bias field . The frequency of the precession is 

determined from mz-measurements that were fitted with an exponentially damped sine

wave. A 0.6 ns magnetic field pulse was used to induce the precessional motion. Two 

examples of mz-responses are shown in Figure 4.15 as well as the fit parameters and the 

bias field. 
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Figure 4.15: Response ofmz toa 0.6 nsfield pulse with H bias = -2.0 Wm (a) and Hbias = 7.8 Wm 
(b). The fine is a fit with an exponentially damped sine-wave. 
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4.3 Bias field dependenee of the precessional motion 
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Figure 4.16: The precessionfrequency (black dots) and damping parameter a(black triangles) as 
a function of the applied bias field in sample B. A fit to a modified Kittel-formula is shown, as wel! 
as the parameters ofthe fit. The gray dots indicate the secondfrequencies, obtainedfrom a fit with 
two exponentially damped sine-waves. 

The sign of the mz-excitation is different in the two measurements, as a result of a 

different direction of the torque. As the magnetization of the Py-layer is opposite in the 

two cases due to the bias field , the direction of the torque is opposite as well. The 

calculated frequencies from the whole measurement series are plotted in Figure 4.16 as a 

function of the applied bias field in the x-direction. In Figure 4.16 the values of the 

Gilbert damping parameter a are also indicated, for those mc responses from which it 

could be deduced. Due to the coercivity of the magnet, it was not possible to perfarm 

measurements at fields below the coercive field. 

In order to fit the main frequency data (black dots) in Figure 4.16, modification 

of the Kittel-formula in (2.14) was necessary. The interlayer coupling field introduces an 

offset in the bias field, H off• at which the frequency drops to zero. However, it turned out 

that two different offset fields were required in order to fit bath the data at fields smaller 

and larger than 5 kAlm, if symmetry between the left and right curve is assumed. A gap 

of magnitude 0.6 kAlm arises between the two fields at which the frequency drops to 

zero. This behavior can be attributed to a uniaxial anisotropy in the y-direction, which can 

be accounted for by including an anisotropy term in the Kittel-formula, which now takes 

the farm 

(J) = Yo~( -Hani +lH bias - H of! I)( ( M ,-Hani +lH bias - Hof! I))· (4.1) 

The fit to the experimental data as well as the fit parameters are shown in Figure 4.16. 

The low value of Ms originates from the low thickness of the Py-layer. As the thickness 

of a magnetic layer drops below 10 nm, the saturation magnetization is known to decrease 
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as surface effects become more and more important, see [18]. The value for the interlayer 

coupling field, 5.0 kAlm, is in agreement with the SQUID measurement of Figure 3.6. 

The anisotropy field cannot be accounted for by consictering only the shape anisotropy of 

this element. The approximate formula for the demagnetization factors in a rectangular 

element is Ni ::::: 2tjnl i , with t the thickness of the layer and li the lengthof the element 

in the direction i [25]. For the 13 x 9 J..lm2 element, this formula gives Nx = 0.00035 and 

Ny = 0.00025. These factors result in an anisotropy field of only 0.06 kAlm, much lower 

than the anisotropy field calculated from the fit (0.3 kAlm). 

Another indication for a relative high anisotropy in the y-direction eernes from a 

measurement of the initia! excitation of mz as function of the bias field. This 

measurement was performed at a fixed position (center of the element) and at a fixed time 

delay (50 ps after the field pulse). The result is shown in Figure 4.17. We see that the 

amplitude of mz changes sign in the region where 4.4 kAlm < Hbias < 6.4 kAlm, as a 

result of the reversal of the magnetization direction of the NiFe-layer. The amplitude is 

zero at Hbias = 5.2 kAlm, indicating that the magnetization direction is rotated towards the 

pulse field direction. The width of the switching region can thus be attributed to an 

anisotropy field in the y-direction. This bias field value is cernparabie to Hoff determined 

from Figure 4.16. The relatively high anisotropy that shows up in Figure 4.16 and Figure 

4.17 is probably growth related. The crystalline anisotropy in the element can be obtained 

from the hysteresis loop in Figure 3.6b, which gives 0.5 kAlm. This crystalline anisotropy 

may have its easy axis in the y-direction due to the small shape anisotropy. 

The Gilbert damping parameter a is also plotted in Figure 4.16 as a function of 

the external bias field. In the region with bias fields between -2.5 and 1 kAlm, the 

damping parameter is about 0.01, in agreement with values found in literature [24]. At 

high positive bias fields, the damping parameter increases, probably due to the fact that 

the spins are moving less coherently, which allows them to lose their spin momenturn 

more easily. 
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Figure 4.17: Excitation of m, as function of the bias field at fixed position (center of the element) 
andfixed time delay (50 ps after the onset ofthe putse). The two directions ofthefield sweep are 
indicated. 
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Figure 4.18: Response of m, toa 0.6 ns field pulse with a bias fi eld of -4.3 kAlm (a), -7.2 Wm 
(b) and -8.05 Wm (c). 

At large negative fields, the damping parameter decreases, which is quite 

surprising. Moreover, at fields below -4.5 kAlm, a damping parameter could not be 

extracted from the fit, as the amplitude of the Mz-oscillation was not exponentially 

decreasing. We see at the sametime that this frequency deviates from the Kittel-fit. Three 

examples of Mz-measurements that illustrate these findings are shown in Figure 4.18. 

Figure 4.18a clearly shows a reduced damping. However, Figure 4.18b suggests 

the presence of a second frequency, which shows up as an envelope structure around the 

oscillation, indicating a beating effect. The small damping observed in Figure 4.18a may 

thus be an apparent damping due to this second frequency. Figure 4.18c also shows a 

kind of envelope structure. These measurements at large negative field have been fitted 

with two damped sine waves, in order to extract the possible second frequency. One 

frequency was fixed at a value corresponding to the Kittel-fit, with fixed damping 

parameter. The second frequencies obtained this way are shown as gray dots in Figure 

4.16, and are more or less constant as a function of field (-2.3 GHz). This second 

frequency could be a sign of a different spin mode, coexisting with the uniform 

precession. However, the origin of this second spin mode in the central region of the 

element at high bias fields is not yet understood. 

In the analysis of the data, possible effects due to the magnetic field pulse have to 

be included. Especially at high frequencies , the motion of the magnetization becomes 

more sensitive to the precise shape of the field pulse. Por example the orientation of the 

magnetization vector at the moment the field pulse ends will determine the amplitude of 

the following oscillations. After pulsing will also have a stronger influence on the 

precessional motion. In order to account for these effects of the field pulse, its precise 

shape must be deterrnined. 

In this section we have studied the frequency dependenee of the precession as function of 

the applied extemal magnetic field. The main conclusions are: 

• The precession frequency dependenee in sample A is in agreement with the Kittel

formula down to 0.8 kAlm. 

• No frequency could be deterrnined at lower fields, due to less coherent behavior of 

the spins. 
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• The frequency dependenee in sample B can be fitted with a Kittel-formula, modified 

with the contribution from a uniaxial anisotropy in the y-direction. 

• The observed anisotropy in the y-direction is attributed to crystalline anisotropy, as it 

cannot be explained solely by shape anisotropy. 

• At large negative fields the observed frequencies deviate from the Kittel-fit. A 

second frequency from a different spin mode appears to be present, however, a 

complete onderstanding of the origin of this second spin mode needs more research. 

• The Gilbert damping parameter a changes as a function of applied bias field. At bias 

field > 2 kAlm, the origin of a higher damping may be a less coherent behavior of 

the spins. At bias field < -2.5 kAlm, it can be an apparent damping due to the 

possible presence of a second spin mode. 

4.4 Large angle excitations 

In the regime with bias field values between 3.3 and 6.7 kAlm, it was not possible to fit 

the data with an exponentially damped sine-wave. In this region, the difference between 

the bias field and the interlayer coupling field is below 1.5 kAlm. Consequently, the spins 

are less pinned in the x-direction. The magnetic field pulse, with amplitude of 1.2 kAlm, 

is then comparable or even larger than the static field in the element. At bias fields close 

to the interlayer coupling field, the uniaxial anisotropy in the y-direction also becomes 

important. The anisotropy field (in the x-direction) can rotate the equilibrium direction of 

the magnetization towards the y-axis and can change the response of the magnetization to 

a field pulse. It will be no surprise that the motion of the magnetization vector in these 

cases will not be a simple precession around an equilibrium direction. 

We will consider three examples of this motion, measured at bias fields 3.7, 4.3 

and 6.6 kAlm, in order to show the main features we have observed. The first example 

(Hbias = 3.7 kAlm) is shown in Figure 4.19. 
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Figure 4.19: m,-my-plot of the magnetization responsetoa 0.6 ns field putse at a bias field of 3.7 

Wm. 
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This mcmy-plot clearly shows the excitation of the magnetization vector, with both my 

and m z departing from zero. At fmt sight, it looks as if the magnetization vector tums at 

the moment when my = 0.75, instead of making an elliptical trajectory. A second turn 

(arrow 2) occurs again at my = 0.75. This behavior can be explained if we remember that 

the mz-my-plot is a projection of the tip of the magnetization vector on the mz-my-plane. 

Points with the same m y and mz but opposite mx show up on the same position. In the 

case of Figure 4.19a, we see the magnetization vector rotating to negative mx-values and 

back towards the equilibrium direction. At arrows 1 and 2, the direction of the 

magnetization is aligned along the y-axis. The fact that at these points the measurement 

gives my = 0.75, instead of my = 1, can be attributed to a rotation of the equilibrium 

direction towards the y-axis. This is also the reason that the horizontal scale is denoted as 

the difference in My from the equilibrium value. The equilibrium value in Figure 4.19 is 

my = 0.25, corresponding to an angle of 14° with the x-axis. We attribute the rotation of 

the equilibrium axis to the uniaxial anisotropy in the y-direction. The above statement is 

of course only justified when the length of the magnetization vector is unity, thus with 

full caberenee between the spins, which we expect is the case during the presence of the 

field pulse. 

At arrow 3 we see again a signature that the magnetization vector rotates to 

negative Mx-values. However, the signal is much less, which may be an indication of a 

loss of caberenee between the spins. If not all the spins participate in a coherent motion, 

some random motion from these non-participating spins will be present. This random 

motion will average to zero, so the average (and measured) direction of the magnetization 

will still be the one of the coherent motion. The magnitude of the magnetization vector, 

however, will in this case be less than unity and show up in the measurement as a reduced 

signal. 

It can also be seen that at the start of this measurement, the magnetization 

direction makes an angle of 20° (my = 0.35) with the x-axis, instead of 14°. This means 

that the direction of the magnetization between the situation with a current pulse train and 

without a current pulse train is different. The time between two successive magnetic field 

pulses (12.2 ns) is notlong enough to reach the equilibrium state of the situation without 

current pulses . A current pulse train thus seems to give rise to a net magnetic field in the 

y-direction, which is the origin of the changed equilibrium direction. 

The fact that the magnetization rotates to negative mx. showing up as the tuming 

points at arrows 1 and 2, provides a way to correct for any crosstalk between the signals 

for my and m z, as the m y values at arrows 1 and 2 must be the same. The correction 

factors of the two quadrants for the measurements discussed in this section are only -0.95 

and -1.05. These correction factors are constant within 0.01 for the whole measurement 

series and thus only depend only on the alignment of the optica) setup, as was the case 

with sample A. The condition of full caberenee between the spins must of course be met. 
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At a slightly higher bias field, Hbias = 4.3 kAlm, a different large angle excitation 

is observed as shown in Figure 4.20a. In this case, the initial and final direction of the 

magnetization after 4 ns are nat the same. After the field pulse ends, the magnetization 

rotates towards my = 0.96, which indicates a switch of f/J, = 45°. If we take into account 

that the length magnetization vector decreases after the field pulse ends, the real switch 

direction may in fact be closer to the y-axis, thus along the anisotropy direction. During 

the last 1.5 ns of the measurement, the magnetization already starts to relax towards the 

equilibrium direction. Of course, during the remaining 9 ns befare the next magnetic field 

pulse arrives, the magnetization has relaxed back to the equilibrium direction, otherwise 

no stroboscopic measurement would have been possible. The motion of the magnetization 

vector can be visualized in three dimensions if when we consider the length aft the 

magnetization vector constant. The result is shown in Figure 4.20b. The angle of the 

magnetization with the x-axis at the start of the measurement, f/J; = 29°, is indicated, as 

wellas the excitation angle f/Je = 119°. 
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Figure 4.20: (a) mz-my-plot of the magnetization response to a 0.6 ns field putse at a bias field of 
4.3 Wm. (b) The motion of the magnetization vector visualized in three dimensions. The 

projection ofthis motion on the y-z-plane is also shown. 
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Fig ure 4. 21 : m,·my·plot of the magnetization response to a 0. 6 ns field pulse at a bias field of 6. 6 
Wm. 

As a final example, we consicter a measurement taken with a bias field of 6.6 

kAlm. In this case, the bias field is larger than the interlayer coupling field, so the 

equilibrium direction of the magnetization will have a component in the -x-direction, 

insteadof the +x-direction. The direction of the torque is therefore opposite as wellas the 

excitation of the magnetization vector. Figure 4.21 shows the mz-my-plot of the 

measurement and the reversed direction of the magnetization excitation. Since the 

interlayer coupling is over-compensated by only 1.5 kAlm, a large angle motion is 

observed. There is, however, no sign of rotating of the magnetization towards positive mx. 

Instead, calibrated My values are observed that exceed unity, an indication that the 

equilibrium axis bas rotated towards the negative y-axis. From the maximum of the 

measured My-signal (Myl Ms = 1.34), we conclude that the equilibrium direction makes 

an angle of 20° with the negative x-axis in this case. 

In summary, the examples shown in this section indicate that 

• large angle excitations of more than 120° cao occur is the 13 x 9 J..lm2 element at bias 

field camparabie to the interlayer coupling field. 

• during these excitations the magnetization vector rotates towards negative x-values. 

• the magnetization can switch towards the y-axis and that it slowly relaxes to the 

equilibrium direction. 

• signs of decaherenee between the spins are observed. 

• the equilibrium direction rotates towards the y-axis, as a result of a uniaxial 

anisotropy in the y-direction. 

• due to this anisotropy in the y-direction no 180° switch events cao occur in this 

element. 
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4.5 Spatially resolved measurements 

So far, the measurements shown and discussed were performed on the center of the 

ferromagnetic elements. In this section, we will present spatially resolved measurements 

of the magnetization dynarnics in the 13 x 9 J.!m2 element of sample B. 

Line scans 

We will start with measurements of the response of the magnetization to 0.6 ns 

magnetic field pulses at several positions along different lines on the sample, shown in 

Figure 4.22. 
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Figure 4.22: Time response of mz as function of position along several different lines along the 
sample. (a) and (b) are scans in the y-direction, (c) and (d) are scans in the x-direction. 
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No extemal bias field is applied in these measurements. Before each time scan, the 

sample is moved by 0.5 f.!m with the translation stage. It must be noted that the translation 

stage can be moved with a limited accuracy of 1 f.!m, which may cause errors in 

determining the exact position of the laser spot. In these measurements, only the Mz

component is measured. 

The central scan in the y-direction shows that the center of the dot (y=O in Figure 

4.22a) the precessional motion is the same as the one shown in Figure 4.8. However, 

when moving to the edge of the sample (to y = -5 or y = 5), the amplitude of the 

precessional motion after the first oscillations becomes much smaller. Furthermore, the 

'waves' seem to be curved a bit, indicating a higher precession frequency at the edge 

compared to the center of the sample. The edge-scan in the y-direction (Figure 4.22b ), 

shows a more uniform response of the magnetization as a function of position, as well as 

a higher damping of the precessional motion. 

These effects are even more pronounced in the time response measurements at 

different positions along lines in the x-direction. The higher damping at the edges (x = -4 

and x = 4 in Figure 4.22c) can be clearly seen. The curvature of the 'waves' is now 

upward and more pronounced, indicating a lower frequency at the edges compared to the 

center. This curvature and higher damping of the precession also show up in the edge

scan of Figure 4.22d. 

We attribute the origin of this behavior to the intemal effective field in the 

element, which is highly inhomogeneous. This inhomogenity is caused by the 

demagnetization fields at all four edges, and the stray field from the lower CoFe-layer at 

the edges parallel to the direction of the magnetization of the CoFe-layer, as explained in 

section 2.5. The edges parallel to the x-axis correspond to edge 1 in Figure 2.7, where the 

precession frequency is higher. The edges parallel to the y-axis correspond to edge 2 

(lower frequency). In actdition to the missing dipole field at edge 2, it is also the stray 

field from the CoFe layer that is in competition with the interlayer coupling field. 

Therefore, at these edges the change in frequency will be larger than at the edges parallel 

to the x-axis. 

For Figure 4.22c, the precessional motion after the field pulse is fitted with an 

exponentially damped sine-wave in order to extract the frequency and the damping 

parameter as function of position. The result is shown in Figure 4.23. 
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Figure 4.23: Frequency and damping parameter a as function of position for the line scan of 
Figure 4.22c. 

The tigure explicitly shows a lower frequency of 1.68 GHz near the edge compared with 

the central frequency of 1.85 GHz. This frequency difference corresponds to an effective 

field difference of 0.8 kAlm, which is an indication of the strength of the strayfield. At 

the same time the damping parameter a is increasing from 0.006 in the center to 0.028 

near the edge. The origin of the increased damping of the precession near the edges can 

be attributed to an inhamogeneaus behavior of the edge spins. Another mechanism can be 

an efficient energy transfer from the edge mode to the uniform spin mode. 

Full time resolved surface scan 

In order to get a spatially resolved image of the magnetization response of the juli 

element, raster scans have been made with different positions of the delay line, i.e. at 

fixed time delay between the laser pulse and the magnetic pulse. During each raster scan, 

bath Mz and My have been measured. The measurement was performed in the absence of 

an extemal bias field and with a magnetic field pulse of -0.6 ns. After each raster scan, 

the time delay was increased by 50 ps. The individual frames, showing the spatially 

resolved Mz-component of the magnetization, are plotted in Figure 4.24. 

From this tigure we see that there is a uniform excitation of the magnetization 

over the whole element (frame 2-6). However, after just 300 ps a deviation from this 

uniform motion can be seen (frame 7). This behavior is even more pronounced in frames 

taken at langer delay times, e.g. frames 15 and 20. We see that the precession of the 

magnetization at the left and right edges is advanced in time compared with the center. In 

the same time, the precession of the magnetization at the top and bottorn edges lags 

behind, compared with the center of the element. Figure 4.24 thus shows exactly the 

behavior that is observed in Figure 4.22. 
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Figure 4.24: Full surface scans of the mz response to a 0. 6 ns magnetic field pulse with H bias = 0 
kAlm (top frames 1 - 30). The time step is 50 ps, the field pulse start at frame 1. The my response 
is shown as wel/ for two different time (bottom left frames 6 and 15). The color scales for my and 
mz are also shown. 

In addition, two frames that show the in-plane magnetization are also included. Frame 6 

shows a quite uniform excitation in the y-direction due to the field pulse. A spatial non

uniform my cao be seen in frame 15. If we compare this picture with the frame 15 of the 

mz data, we see that where mz is large, my is low and vice-versa, as should be the case 

with precessional motion. 
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Bias field dependenee of mz 

The claim that the stray field from the lower CoFe-layer is responsible for a change of the 

internal effective field at the edges perpendicular to the x-axis, implies the effect will be 

different for different orientations of the magnetization in the NiFe-layer. In the case of 

parallel directions of the magnetization in the two ferromagnetic layers, the stray field 

will be directed opposite to the magnetization of the NiFe-layer and thus give rise to a 

lower internal effective field. However, when the directions of the magnetizations are 

anti-parallel, the stray field will be in the same direction as the magnetization of the NiFe

layer andresult in a higher internal effective field. This implication cao be experimentally 

verified by using an external bias field to change the direction of the magnetization in the 

NiFe-layer. Figure 4.25 shows two raster scan measurements of the mz-component of the 

magnetization at a fixed time delay (100 ps after the onset of the pulse) with two different 

external magnetic fields. 

In Figure 4.25a the bias field is 4 kAlm, which is lower than the interlayer 

coupling field (5 .1 kAlm). The equilibrium magnetization direction in the NiFe-layer is 

thus directed along the +x-axis. We see a reduced amplitude of the Mz-COmponent at the 

top and bottorn edge, indicating a slower response to the field pulse. The internal 

effective field will thus be lower at these edges, in agreement with our expectations. 

When the bias field is larger than the interlayer coupling field, as in Figure 4.25b with 

Hbias = 7 kAlm, the magnetization in the NiFe-layer will be directed along the -x-axis. In 

this case, we do not see astrong reduction of the amplitude of the Mz-component near the 

edges. As the magnetization of the NiFe-layer is reversed, the stray field will be in the 

same direction as the magnetization and will oppose the demagnetization field near the 

edges. 
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Figure 4.25: Surface scan of the element showing the m,-component of the magnetization 100 ps 

after the onset afthefleid pulse. Hbias = 4 kAlm in (a) and Hbias = 7 kAlm in (b). 
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Domaio imaging 

Another application of these raster scans is using the response of the magnetization to a 

magnetic field pulse at zero intemal field to obtain information about the static domaio 

structure in the element. When the interlayer coupling field is fully compensated by an 

extemal bias field, a domaio pattem will farm in the element due to the presence of a 

uniaxial anisotropy, the demagnetization fields and the stray fields at the edges . The 

response of the magnetization to a field pulse will depend on the initia! local orientation 

of the magnetization in the element. For example, when the magnetization is parallel to 

the pulse field, no excitation will occur, since the torque is zero. When the magnetization 

is perpendicular to the pulse field, the sign of the Mc signal will reveal whether the 

magnetization was aligned parallel oranti-parallel to the x-axis. 

Figure 4.26 shows a raster scan of the element at a time delay fixed to about 50 

ps after the onset of the field pulse, with a bias field of 5.2 kAlm, which almast 

compensates the interlayer coupling field (see Figure 4.17). A clear domaio structure can 

be seen in this raster scan. The black (white) regions indicate a magnetization with a 

strong component in the +x-direction ( -x-direction), as the response in the Mz-COmponent 

is downward (upward). In gray areas, the magnetization is aligned more or less along the 

y-axis. With this information we can reconstruct the domain pattem in the unbiased 

(interlayer coupling fully compensated) element, which is schematically drawn in Figure 

4.26b. From this we see the influence of the strayfield at the horizontal edges. It aligns 

the spins perpendicular to the edge. In the center, the spins are aligned in the y-direction 

due to the anisotropy in that direction. 

6 

4 
...--. 
E 

2 :i. ....._. 

c t 
0 0 

.'!::::: 
en 
0 -2 0.. 

I x t 
-4 

-6 

-6 -4 -2 0 2 4 6 

a) y-position [1-!m] b) 

Figure 4. 26: (a ) The response of the magnetization to a 0.6 ns magnetic fi eld putse. White (black) 
areas indicate spins moving upward (down ward) with respect to the plane ofthe element. The bias 
fi eld is 5.2 Wm, almost compensating for the interlayer coupling field. (b) A schematic drawing 
of the do ma in pattem that can be deduced from the data in (a). 
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Figure 4.27: Full time response measurement of m, to a 0.6 ns field putse with H bias = 5.2 kAlm. 
The numbers correspond to the position indicated in Figure 4.26. 

To demonstrate that the response of the magnetization is indeed very different on 

different positions on the unbiased sample, the full time response is measured at the six 

different positions indicated in Figure 4.26. The responses are shown in Figure 4.27. In 

the center of the dot, position 1, almost no response of the magnetization is visible. This 

is a clear sign that the magnetization was aligned along the pulse field direction. At the 

other five positions, we see different excitations that depend strongly on the local 

effective field direction as wel! as the strength. The correspondence between the 

excitation direction and the gray-scale in Figure 4.26 is unambiguous. 

From spatially resolved measurements shown m this section, we can conclude the 

following: 

• An increase (decrease) of the precession frequency is observed at the edges 

parallel (perpendicular) to the interlayer coupling field, compared with the center 

frequency. 

• We attribute this toa non-uniform effective magnetic field in the element due toa 

competition between the demagnetization field and strayfield with the interlayer 

coupling field. 

• An increased damping near the edges is observed. 

• We have postulated two mechanisms for this behavior, namely an 

inhomogeneous behavior of the edge spins and an efficient energy transfer from 

the edge mode to the uniform mode. 

• The complete vector resolved time response of the element to a magnetic field 

pulse can be imaged with a spatial resolution of- 1 J.!m. 

• It is possible to image the domain structure of an element by measuring the initia! 

mz-response to the magnetic field putse. 
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In this Thesis we have studied magnetization dynamics in the precessional regime m 

microscopie magnetic elements. A measurement technique has been developed to detect 

allcomponentsof the magnetization vector simultaneously with high spatial and temporal 

resolution. This measurement technique is based on a four-quadrant detection scheme. 

We have shown its ability to detect two of the three components of the magnetization 

vector with a signal-to-noise ratio as high as 200:1. With an electrical pump I optica] 

probe setup and a high aperture microscope objective, a temporal resolution beyond 10 ps 

and a spatial resolution of - 1 J..l.m is achieved, which allows investigation of the local 

magnetization dynarnics in micromagnetic elements. This technique is less complicated 

than e.g. second harmonie generation and is at least as sensitive as other currently used 

vectorial measurement schemes. 

Although a lot of eropbasis was on the validatien of this vectorial measurement 

technique, we have also observed interesting physics in exchanged biased magnetic 

tunnel junctions that deserves further investigation. In summary, 

• We have observed signs of a second spin mode in the center of the MTJ-element 

that appears at high bias fields. The precise origin of this mode, its dependenee 

on the bias field and a possible relationship with edge modes still needs to be 

determined. 

• Raster scans of the element show the presence of local spin modes, which results 

from a competition between the demagnetization field, strayfield and the 

interlayer coupling field present in the element. The dynamics thus strongly 

depends on the local effective field. 

• An increased damping of the precessional motion is observed at the edges of the 

element. Two possible mechanisms for the enhanced damping were mentioned, 

however, the precise mechanism responsible has yet to be established. 
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• The dynamica) response of the magnetization to a magnetic field pulse can be 

used to image the static domain pattem in the element, as the interlayer coupling 

field is fully compensated by an external effective field. 

• We have measured large angle excitations of the magnetization vector, but no full 

180° switching. 

Suggestions for improvements of the setup presented in this work and recommendations 

for further research are the following: 

• To push the spatial resolution of the setup beyond 1 Jlm, a microscope objective 

with a higher numerical aperture can be used. Alternatively, reducing the 

wavelength of the laser light will also imprave the spatial resolution and can be 

easily implemented, as a frequency doubleris available. 

• In order to more accurately control of the position of the sample, piezo actuators 

can be used. 

• Two pairs of Helrnholtz coils that can produce uniform fields in both in-plane 

directions higher than 15 kAlm will allow for setting an in-plane field in any 

direction and increase the bias field window in which the magnetization 

dynarnics can be studied. 

• The precise shape of the magnetic field pulse, induced in the MTJ-elements, 

needs to be deterrnined in order to correct for possible after pulsing and to allow 

realistic simulations with the numerical LLG-model. Extension of the formulae 

for the pul se calculation is necessary, in order to u se them in the case of large 

angle motion of the magnetization and/or in the presence of anisotropies. 

• Investigation of edge modes in MTJ-elements of different sizes and shapes may 

lead to a better understanding of these modes and deterrnination of their spatial 

confinement 

• A finite element methad will be of extreme importance to perfarm numerical 

simulations on the local magnetization dynarnics in the element. 

• Switching experiments may be possible in elements with a uniaxial anisotropy in 

the direction perpendicular to the magnetic field pulse. However, in order to 

stroboscopically measure full switching, magnetic field pulses have to be applied 

that switch the magnetization back and forth. 
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