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Abstract 
 

Magnetization dynamics in lithographically patterned thin-film permalloy (Ni80Fe20) 

microstructures are studied using time resolved scanning Kerr microscopy (TR-SKEM).  

This is a technique combining ultrafast lasers with scanning probe microscopes to 

observe repetitive non-equilibrium dynamic magnetization states.  These observations are 

compared to a finite element micromagnetic simulation based on the Landau-Lifshitz-

Gilbert (LLG) equation.  This is a stringent test for the LLG equation, as it will show how 

well it can reproduce experimental micromagnetics.   

Micromagnetic dynamic experiments tested fall into two classes ferromagnetic 

resonance and magnetization reversal.  Ferromagnetic resonance is a low amplitude 

excitation where the magnetic spins are saturated in one direction and then caused to 

oscillate at their resonance frequency by a transient magnetic field perpendicular to their 

saturation direction.  Magnetization reversal is a large amplitude excitation where the 

spin direction in the ferromagnet changes by 180°.  The same simulation with the 

parameters measured with our system (4πMs=10.8 kOe and α=0.008) is quite successful 

in reproducing experimental behaviour.   

Convergence between experimental and numerical micromagnetics is seen in many 

problems.  One large cause of discrepancy, the non-repeatability of dynamics due to 

Brownian motion of magnetization vectors is studied with simulation.  These simulations 

can be used as a guide to understand the magnetization dynamics experiments in cases 

where the dynamics are not repetitive. 
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k,kB  Boltzmann’s constant 
Kij  demagnetizing coefficient 
keV  kiloelectron volts 
kHz  kilohertz 
kneighbour number of nearest neighbours 
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ku,K  uniaxial anisotropy constant 
L  angular momentum 
lex

A  exchange length due to anisotropy 
lex

D  exchange length due to demagnetizing 
LLG  Landau-Lifshitz-Gilbert 
m  magnetization 
m  time varying portion of magnetization 
M  Mega (x106) 
M,Mi,Mj magnetization 
mD  Doring mass 
MHz  megahertz 
MIT  Massachusetts Institute of Technology 
Mo  static component of magnetization 
Ms  saturation magnetization 
Mx  x-component of magnetization 
My  y-component of magnetization 
Mz  z-component of magnetization 
MTJ   magnetic tunnel junction 
n  surface normal 
n  quantum number 
n  index of refraction 
N  number of cells 
Nd  neodynium 
nm  nanometer 
ns  nanosecond 
Nx,Ny,Nz demagnetizing factors 
Oe  Oersted 
p  polarization state of light 
P  probability 
PC  photoconductive switch 
ps  picoseconds 
Pt  platinum 
Q′  distance vector 
r  position vector 
rij  distance vector 
RK,RN  reflected electric field vectors 
Rp,Rs  reflected light intensities 
RKKY  Ruderman-Kittel-Kasuya-Yosida 
s  polarization state of light 
S  surface 
S,Sm,Sn spins 
Sapph  sapphire 
SEM  scanning electron microscope 
SGI  Silicon Graphics Incorporated 
SHMOKE second harmonic magnetoptical Kerr effect 
Si  silicon 

 18



sim  simulation 
SiO2  silicon oxide 
SLAC  Stanford Linear Accelerator Center 
t  time 
t  thickness 
tN  Neel time 
T  temperature 
T  switching time 
T1,T2  Bloch-Bloembergen relaxation times 
TEM  transmission electron microscope 
Ti  titanium 
TR-SKEM time resolved scanning Kerr effect microscopy 
v  velocity 
V  voltage 
V  volume 
VLOR  velocity of electrons due to Lorentz force 
w  width 
w  volume energy density 
wd  volumed demagnetizaing energy density 
wex  volume exchange energy density 
wu  volume anisotropy energy density 
wz  volume Zeeman energy density 
x  Cartesian coordinate 
y  Cartesian coordinate 
YAG  yttrium aluminum garnet 
z  Cartesian coordinate 
z  number of nearest neighbors 
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1. Magnetism 
 
 

The most significant trend in electronics in the past half century is the reduction in 

size and increase in speed of devices.  This has lead to a great deal of interest in micro 1 

and nano 2 electronics and magnetism.3  This trend is pushing our physics knowledge.  

Advances in fundamental magnetism research has lead to new phenomena such as giant 4 

and colossal 5 magnetoresistance (GMR and CMR respectively - large changes in 

electrical resistance depending upon magnetization directions in the device) and 

oscillatory magnetic coupling (between ferromagnetic and antiferromagnetic) of ultrathin 

films.6  This has opened the possibility for many new magnetoelectronic devices 7  which 

use the new freedom in functionality from combining both spin (magnetic) and charge 

(electronic) information.   

 

1.1 Fundamental Motivations 

 
The advances touched upon in the preceeding paragraph (GMR, CMR and oscillatory 

magnetic coupling) are of huge fundamental importance and each has spawned a new 

sub-field in physics.  These are examples of the major advances that are occurring in 

magnetism today. 

Magnetism is a phenomenon that is often studied on the mesoscale.  It is an 

inherently quantum mechanical phenomenon (Bohr -van Leeuwen theorem) 8 but occurs 

in systems which are too large to give a full quantum mechanical treatment.  Most of the 

current theoretical framework in magnetism is semi-classical.  The push toward the 

nanoscale will test the semi-classical framework and cause it to break down in many 

instances.  It will force the development of a newer, richer theoretical framework and it 

will lead to new phenomena as we see quantum mechanics on a macroscopic scale.  

Examples of this, which are already being studied, include spin injection 9, spin 

coherence 10, and quantum entanglement.11 

Many very conceptually simple problems which still exist in magnetism.  This thesis 

is partly devoted to the problem of how ferromagnets reverse magnetization direction.  
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This simple question has largely remained unanswered over the last  50 years and is an 

example of one of the fundamental issues remaining in magnetism.   

Magnetism is a rich and often non-linear theory, with lots of possibility for 

advancement.  Techniques used to study it often have broad application to solid state 

physics and material science as a whole, but are often first attempted in the "test-bed" of 

magnetism.   

For all these reasons and more, magnetism is an area of physics which is very active 

and is likely to have fundamental advances in the future. 

 

1.2 Applied Motivations 
 

Magnetoelectronics is making a wide impact in industry.  Ultrahigh density and high 

speed magnetic recording exist today.12  They are being improved at very quick rates to 

make computer hard drives smaller, faster and able to store more information.   

The read portion of a magnetic recording head has undergone significant modification 

recently.  It has gone from an inductive reading device, to an anisotropic 

magnetoresistance (AMR) device, to a giant magnetoresistance (GMR) device in less 

than a decade.  All the time it has been shrinking in size while maintaining the same 

absolute sensitivity. 

On the write side, the challenges are material issues (for example finding high 

magnetic moment materials) as well as magnetic dynamic problems (such as head 

switching characteristics).  The density of information storage (bits per square inch) has 

not only maintained a Moore's Law pace (shrinking in size and doubling in complexity 

every 18 months), it has improved from that pace due to the introduction of a GMR 

reader in 1997-98.  Currently, 48.8 Gb/in2 has been demonstrated in a commercial 

product.13  As information gets written into smaller and smaller bits, fundamental limits 

are looming on the horizon.  The magnetic elements in which information is stored will 

reach the superparamagnetic limit around 100-150 Gb/in2,, where thermal fluctuations are 

a dominant enough energy term to switch magnetization thus destroying recorded 

information.  In order to solve this problem, work is underway to use patterned media, 

media with higher anisotropy or media with increased saturation magnetization using 
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higher moment writers, or “perpendicular” recording which allows a larger volume bit at 

the same areal density.   

New devices like magnetic tunnel junctions (MTJ) may soon be available in magnetic 

RAM to challenge traditional silicon memory.  MTJs are a sandwich of two 

ferromagnetic layers with a thin insulating layer between them, serving as a tunnelling 

barrier.  The resistance in the tunnel barrier depends upon the magnetic arrangement of 

the two ferromagnetic layers.  When the spins are aligned, the resistance is smaller than 

when they are anti-aligned.  In this geometry, the currents will run perpendicular to the 

plane, as opposed to parallel to the plane as in traditional magnetic recording, making 

higher density possible.  Work is also being done to adapt traditional GMR memory to 

use current perpendicular to the plane.  The development of new memory devices 

involves many pressing issues regarding uniformity, reliability, reproducibility and 

integration into silicon processing steps, . 

Fundamental changes in computer architecture may occur if magnetic memory and 

semiconductor logic can be better integrated into spintronic devices.  Topics such as spin 

transport, spin injection and possibly spin transistors 14 must be addressed for this to 

happen. 

 

1.3 Ferromagnetism 

 
Ferromagnets have a spontaneous magnetic moment, even in zero applied magnetic 

field.  The spontaneous magnetic moment suggests that electron spins and magnetic 

moments are arranged in a regular manner.  Weiss 15 gave the first explanation of this 

using the mean field approximation.  He proposed that each magnetic atom experiences a 

field proportional to the magnetization 

MeB λ=         (1.1) 

where λ is a constant, independent of temperature.  This is the earliest formulation of 

what today is known as the exchange field.  This formulation is very successful in 

explaining the saturation magnetization of the ferromagnet as a function of temperature.  
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Above a critical temperature, known as the Curie temperature, the spontaneous 

magnetization vanishes and the sample “separates” into a disordered paramagnetic state.   

Weiss also postulated that a ferromagnetic material breaks up into microscopic 

domains where each domain has a spontaneous magnetization but is oriented in different 

directions, so that on the macroscale the magnetization is lower than the saturation 

magnetization.  This is due to the competition between the energy of the free magnetic 

poles on the sample surface (known as demagnetization) and the exchange interaction 

that tends to align spins.  The demagnetizing energy terms depend upon volume, so it 

takes a larger number of spins for them to become important.  Thus on the microscopic 

scale, the magnetization tends to be aligned, but on the macroscopic scale it tends to be 

demagnetized.  In a full micromagnetic analysis, other energy terms are also relevant.  

Energy minimization is what determines in which static state a ferromagnetic material 

will be found.   

The Weiss theory is semi-classical and is necessary in part due to the Bohr- van 

Leeuwen theorem.8  This theorem is rather technical and uses Maxwell’s equations and 

statistical mechanics (the grand canonical ensemble) for classical non-relativistic 

electrons. It shows that at any finite temperature and in all finite applied electrical or 

thermal fields, the net magnetization of a collection of electrons vanishes identically.  

This is an example of a large conflict between experiment and theory.  It is resolved only 

with quantum mechanics, as the quantized nature of the electron’s orbital magnetic 

moments allows for magnetization to exist.  However, ferromagnetic samples are 

sufficiently complex that the problem becomes far too large to treat purely quantum 

mechanically, hence the need for a mesoscopic semi-classical theory. 
 

1.4 Micromagnetization Dynamics 
 

The semi-classical theory used to solve micromagnetization dynamics problems  

uses Newtonian physics with only as much quantum mechanics as necessary to capture 

the underlying mechanisms.  As a starting point we have Newton’s second law: 

τL
=

dt
d        (1.2) 
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where L is angular momentum, t is time and τ is torque.  In a magnetic system this can be 

written as 

H MM
×=−

dt
d
γ

.       (1.3) 

Here M is the magnetization which is constant in magnitude but may vary in direction, H 

is the effective magnetic field and γ is the gyromagnetic ratio.  This equation will lead to 

an infinite precession of spins in the magnet, so it must be modified to include damping.  

The simplest possible assumption is that the damping is linear and isotropic.  This 

assumption has been used successfully in many aspects of magnetoelectronics.  This 

leads to a damping term proportional to change in magnetization dM/dt with a strength 

given by α, a linear damping constant.  This leads to an equation of form  

( )
dt

d

sMdt
d MMHMM

×+×−=
αγ     (1.4) 

here Ms is the scalar value of the magnetization, known as the saturation magnetization.  

This is the form of the Landau-Lifshitz-Gilbert (LLG) 16 equation that is usually given in 

publications.  An equivalent form is the original Landau-Lifshitz 17 equation. 

( ) ( HMMHMM
××−×′−=

2
sMdt

d )λγ     (1.5) 

These equations are equivalent if we make the following substitutions 

sMγ
λα
′

=      (1.6) )21(' αγγ +=

The original equation was initially derived assuming low damping without the 

substitution for γ.  This equation is not physical for higher damping.  The correspondence 

between the two forms of the equation was discovered later.18 

In order to do calculations it is often necessary to write H in terms of the 

magnetization M.  This is easily accomplished by noting that H is the energy variational 

with magnetization 

M
H

δ
δw

−=        (1.7) 
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where w is the volume energy density, and this derivative is a functional derivative which 

is defined by 

xM
w

xM
w

xM
w

∂∇
∂

•∇−
∂
∂

=
δ
δ      (1.8) 

When the LLG equation is written in this way, the problem of which energy terms are 

part of w becomes clear.  Typically four terms are used.  They are Zeeman, exchange, 

demagnetizing and anisotropy energy terms.  A fifth term, thermal energy in the system, 

is described later on in this thesis. 

This equation is complex and non-linear.  Except in special cases, exact calculation is 

not possible.  Since it has four competing energy terms, none of which can be neglected, 

approximate analytical calculation is also not possible.  Thus, this problem must be 

solved by a numerical simulation. 

 

1.4.1 Zeeman energy 

 

Zeeman energy is the energy from the coupling of spins within the magnet to the 

external magnetic field.  It is more energetically favourable for spins to align with applied 

field than to point in other directions.  This term is  

Vzw HdVM •∫−
=       (1.9) 

 

1.4.2 Exchange energy 

 

The exchange interaction is a quantum mechanical interaction that arises from the 

overlap of electronic charge distributions.  Depending upon the material, the exchange 

interaction is due to electronic orbital overlap of neighbouring atoms directly or mediated 

by conduction electrons 19 (this is called the RKKY interaction or indirect exchange), or 

mediated by intervening non-magnetic ions (called superexchange) .  In general the 

exchange interaction can be written as 

∑
〉〈

•−=
nm mnJ

Vexw
,

1
nSmS      (1.10) 
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where Jmn is a quantum mechanical coefficient known as the exchange integral and Sm 

and Sn are the spin directions of the mth and nth atoms and V is the volume of the 

material.  This is known as the Heisenberg Hamiltonian.20  Much work has been done 

solving it in many body situations, although mesoscopic magnetism involves too many 

bodies to approach it in this manner.   The magnitude and sign of the exchange integral 

Jmn is in general a function of the electronic structure of the ions and the distance between 

them.  Two simple cases can be considered.  The case where Jmn is everywhere positive 

will lead to a minimization in energy where all spins point in the same direction.  This is 

the case of a ferromagnet.  When Jmn is everywhere negative, the energy minimization 

will have all spins pointing anti-parallel to their nearest neighbours.  This is the case of an 

antiferromagnet.   

Often to do micromagnetic calculations, it is cumbersome to evaluate exchange 

energy because it involves a discrete calculation and not a continuous one.  This problem 

is solved by assuming that all vectors and properties of the sample are continuous.  Then 

we can write 

∑
〉〈

∑
〉〈

−⇒•−
nm nm nmJSmnJ

, , ,cos2 φnSmS    (1.11) 

where ϕm,n is the angle between the mth and nth spins.  In a ferromagnet where spins are 

mostly aligned, we can assume ϕ is small so that cosϕ → 1-1/2ϕ2.  Since we will 

eventually take the derivative of the energy we can neglect the constant term giving us 

∑
nm mnJS

,
22 φ        (1.12) 

We can make further assumptions about ϕmn as shown 





 ∇+∇+∇=∇•≅−≅ 2222a

222
zMyMxMmn MmnrnMmMφ (1.13) 

where a is the mean distance between atoms (the lattice constant) and M is the direction 

of (classical) magnetization of the spins.  This gives us an exchange energy density 





 ∇+∇+∇= 222

2

zMyMxM
a

neighbourkJS

exw   (1.14) 
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where kneighbour is the number of nearest neighbours each atom has.  Usually the quantity 

JS2kneighbour/a is defined as an exchange constant A. 

Now that we have a semi-classical continuum model for exchange we can include 

several empirical effects into it, such as crystallinity.  Local exchange values will 

decrease around grain boundaries.  Usually when exchange is reported in the literature 

both a crystalline and an (average) polycrystalline value are quoted.  In the simulation we 

generally use a polycrystalline value as our samples are polycrystal. 

In the ensuing simulation, exchange will be calculated with nearest neighbours only. 

Other cells are taken as being far enough apart to make it negligible.  Also, since this 

thesis deals with ferromagnets, Jmn is taken to be everywhere positive with a constant 

value.  

 

1.4.3 Demagnetizing Energy 
 

Demagnetizing energy is the self-energy of the sample.  It is the energy of each spin 

due to the presence of all the other spins.  It is mathematically complex to calculate and 

most of the computation time in simulations is spent computing it.  This is because one 

needs to know the spin configuration of the entire sample to calculate this term for any 

one spin, thus making the problem non-local.  In general, this term is calculated by 

solving Maxwell’s equations.  If we start from the equation 

0)( =+•∇=•∇ MHB oµ ,     (1.15) 

and we define the demagnetizing field Hd to be the field generated by a magnetization M 

then 














•−∇=•∇

0µ
M

dH .      (1.16) 

The sources and sinks of the magnetization act like positive and negative “magnetic 

charges” for the stray field.  This field can be calculated the same way an electric field is 

calculated in electrostatics, with the only difference being that magnetic charges never 

appear isolated, since they are always balanced by opposite charges. 

The energy of the demagnetizing field can be written down as 
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∫ •∫
−

−==
sample

dV
spaceall V

dVdHoVdW MdH
2
12

2
1 µ  (1.17) 

The first integral shows that demagnetizing field energy is always positive, unless Hd is 

everywhere zero (in which case the demagnetizing field energy is also zero).  The second 

integral, which is mathematically equivalent for a finite sample, is usually easier to 

evaluate, since it extends over a finite region.  However, calculating these integrals is not 

simple, and will be discussed in detail later in chapter three. 

 

1.4.4 Anisotropy Energy 

 

Real crystals have directions that are energetically favourable for spins to be aligned 

and other directions that are unfavourable.  This effect is called magnetocrystalline 

anisotropy.  This may be induced or due to spin-orbit coupling.  Usually, the induced 

anisotropy is the larger of the two, and can be controlled by the film growth.  This 

anisotropy is induced by strain in the film or by directional growth (possibly caused by 

growing the film in a magnetic field).  Phenomenologically, this anisotropy is fitted to an 

energy relation.  Most commonly, when a sample has uniaxial anisotropy (one axis that is 

energetically favourable over all others) the relation used is 

θ2sinuKuW =        (1.18) 

where Ku is a uniaxial anisotropy constant and θ is the angle from the preferred direction 

of magnetization or the “easy axis”. 
 

1.5 Magnetostatics and Dynamics – a history 

 
Magnetic switching was first studied statically or quasi-statically.  Work in this field 

has always had industrial pressure pushing it.  A good treatise on the subject is Doyle 21, 

and much of this is also summarized in Hiebert.22  It has always been an interesting 

fundamental problem.  Much of the work has attempted to answer the question "What 

happens the instant that the magnetic field is too strong and equilibrium is overcome?"  It 

turns out that this question is complex and still cannot be fully answered today. 
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Analytic calculation has had some limited success in answering this question.23  

Among the possible reversal mechanisms, only the lowest energy trajectory will happen.  

This can be illustrated with the calculation of the magnetization reversal of  an infinite 

cylinder initially magnetized along its length. Two modes of rotation of the 

magnetization are found to be possible.  There is the coherent rotation mode (“rotation in 

unison”) where the magnetization in the cylinder rotates in the same angle everywhere, 

and the “curling” mode where the magnetization reversal nucleates by developing a small 

component along the azimuthal direction of the cylinder.  At a critical radius in the 

cylinder, there is a crossover in the nature of the lowest energy mode.  The curling mode 

occurs for larger radius cylinders and the coherent mode for smaller radius ones.  Further 

nucleation calculations have been done in other geometries.24  These are “static” 

magnetization calculations.  Gyrotropic effects (dynamic magnetization effects) must be 

taken care of to get a full picture of magnetization reversal. 

One well-studied example of a localized gyrotropic effect is domain wall motion.  

Sixtus and Tonks 25 first investigated domain wall motion in a ferromagnetic wire.  Their 

idea was that reversal occurred through domain walls sweeping through a material. 

Domain walls have long been studied theoretically.  One of the first uses of the 

Landau-Lifshitz equation 16  was to derive a domain wall mobility formula given by 

Hv
α
γ∆

=         (1.19) 

where v is the velocity of the wall and ∆ is the domain wall width.  This formula assumes 

that the shape of the wall does not change over time.  It provides a method for the 

measurement of the damping constant α by measuring the ratio of v to H.  In the case 

where the domain wall shape is allowed to change with time, this value is an upper bound 

to the domain wall mobility (≡γ∆/α).  Since field is proportional to velocity, switching 

time will be proportional to field when switching is driven by domain wall movement.  

An effective domain wall mass can also be derived using energy considerations.  The 

motion of the wall can be viewed as an effective inertial object moving viscously through 

the spins in the sample, where the wall has a mass 
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∆

+
=

22

21

πγ

α
Dm        (1.20) 

where mD is called Doring mass.26  This calculation is only applicable in the case of low 

velocity.  The velocity of a domain wall can increase up to a critical velocity known as 

the Walker breakdown velocity (or the Walker limit 27 ) 

sMWv ∆= πγ2        (1.21) 

For fields that exceed this limit, the domain wall is believed to begin oscillations, 

although this has not been directly observed. 

More complex dynamics studies began in earnest in the late 1950’s.  In depth “first 

looks” at magnetic switching began at this time.  People began to explore the situation 

where the sample was subjected to fields that were so strong that domain wall motion 

alone was too slow to bring about the new equilibrium conditions.  Coherent and  

 

Figure 1.1 The Stoner-Wohlfarth astroid.  The curve dineates the crossover from stable to 
unstable equilibria.  For any field outside the curve there is one stable equilibrium position.  
For any field inside the curve there are two unstable equilibria values.   Point B has two 
equilibria, M1 and M2.  Point A only has one equilibria, M1.   
A

2Ku/Ms

2Ku/Ms Hx

Hy

A

B

M1

M2
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incoherent rotation were first studied experimentally.  Coherent rotation was considered 

to be just a variant upon the rotation in unison that had been analyzed in the cylinder 

problem.  Incoherent rotation was a more complicated, non-equilibrium magnetization 

pattern where some spins rotated in one direction and others rotated in another direction.   

The Stoner-Wohlfarth theorem 28 was constructed for analysis of the coherent 

reversal of a single domain symmetric object with uniaxial anisotropy.  These 

simplifications allowed for the neglect of complex energy terms, since there is no spatial 

variation in them across the sample.  Symmetry allows for demagnetizing energy to be 

neglected and the single domain nature allows exchange energy to be neglected.  

Including only the Zeeman and anisotropy terms, in the case of a two dimensional thin 

film, the total volume energy density could be written as 

θθθ 2sinsincos uKyHsMxHsMw +−−=    (1.22) 

where θ is the angle between the easy axis and the magnetization.  This can be minimized 

with respect to θ and set to zero to give the equilibrium angle 

0cossin2cossin =+−=
∂
∂ θθθθ
θ uKyHsMxHsMw  (1.23) 

The second derivative is set to zero to give the transition between stable and unstable 

minima to give 

0)2sin2(cos2sincos
2

2
=−++=

∂

∂ θθθθ
θ uKyHxMxHsMw   (1.24) 

if we eliminate θ from these two equations we get the Stoner-Wohlfarth astroid 

3/223/23/2













=+

sM
uK

yHxH     (1.25) 

This astroid shows the critical values of the external field where the magnetization has a 

stable equilibrium value and is shown in Fig 1.1.  The line δw/δθ=0 is always tangent to 

this curve.  To find the equilibrium position for a given field (Hx,Hy) plot the point for  

these coordinates.  Draw the line(s) which go through that point and are tangent with the 

astroid.  For points outside the astroid there is one stable equilibrium position.  For points 

inside the astroid there are two unstable equilibria.  Which one the sample holds at a 
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given time depends upon history.  The direction of the tangent line gives the 

magnetization direction.  This astroid is often used to explain the hysteresis curve in a 

ferromagnet.28  This astroid does explain magnetic switching, but only quasi-statically.  

The equilibrium condition can be found for a given field, but it contains no information 

about how it gets from one equilibrium to another when fields change. 

Several experiments found that when inverse switching time (1/τ) is plotted against 

magnetic field 30 there is a line with two slopes (see Fig 1.2).  For smaller applied fields, 

the linear region is interpreted as being a reversal due to domain wall motion.  At higher 

fields when the curve becomes steeper it is interpreted as being due to a faster coherent 

rotation.  In the region between domain wall motion and coherent rotation, a regime of 
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Fig 1.2 Inverse switching time 1/T as a function of longiudinal magnetic 
field HL with the transverse magnetic field HT as a parameter (from Olson 
and Pohm)29 

 



incoherent rotation was proposed by Gyorgy.31  He produces a model where he assumes 

that decoherence of spins cause demagnetizing and exchange energy to be everywhere 

the same and thus not necessary to include in the calculation.  Only the applied field 

needs to be taken into account in this case.  He derives the following equation for the 

switching time: 

H
As




















+

=

γα
α

τ 1
2

112

11
      (1.26) 

where τs is the switching time and A is a constant related to the initial magnetization 

angle.  Note that inverse switching time and field are still linear in this regime, although 

the constant of proportionality has changed.  Also note that no spatially resolved 

experiments existed at this time (the 1950’s) to verify that motion was indeed an 

incoherent reversal. 

The next fundamental concern to address is the risetime of the switching pulse itself.  

This governs when switching goes from quasi-static reversal to dynamic reversal.  The 

major difference is that in dynamic switching there are nonequilibrium magnetization 

states which are not available quasistatically.  Experimental access to these states is 

allowed using time resolved scanning Kerr effect microscopy (TR-SKEM), as is shown 

in this thesis. Unlike previous methods, it watches the magnetization change in response 

to a high bandwidth magnetic field instead of sitting at a critical field and viewing final 

equilibrium states, or waiting for thermal switching.  The magnetization does not respond 

the same as it would in equilibrium, because it is not in equilibrium.  This puts dynamic 

switching outside the realm of phenomena that can be addressed by looking at a static 

hysteresis loop.  After a high bandwidth change in magnetization, the magnetization takes 

on many values as it gyrotropically oscillates to equilibrium.  Different bandwidth steps 

will lead to different final states. 
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1.6 Spin Wave Dynamics 

 
At the same time as the quasi-static switching work was going on considerable 

advances were made in the study of spin waves.  Much of this progress was spurred on by 

industrial developments with radar and microwaves.  This work will have to be unified 

with the quasi-static work to truly understand magnetization dynamics.  This discussion 

is largely summarized in Stancil.32 

Analytic spin wave calculations can be done by linearizing the Landau-Lifshitz-

Gilbert equation.  This immediately confines spin waves to small angle magnetic motion.  

In much of the work in this thesis, that assumption is untrue, thus making this theory a 

starting point, but with acknowledged limitations in applicability. 

The first step in discussing analytic spin wave dynamics is to linearize the LLG 

equation (without damping) 

( HMM
×−= γ

dt
d )      (1.27)   

We assume that the time varying parts of the field are small and can be written as 

moMM +=   hoHH +=     (1.28) 

where Mo and Ho are large, static components of the magnetization and fields, and m and 

h are small time varying portions.  Thus the torque equation becomes 

( ) ( ) ( )[ hoHmoM
moM

+×+−=
+

γ
dt

d ]    (1.29) 

Mo and Ho are parallel so they produce no torque.  Neglecting small terms this becomes 

( ) ([ oHmhoMm
×+×−= γ

dt
d )]    (1.30) 

If we assume that the solutions are oscillatory with time dependence e-iωt and we set Mo 

and Ho to be along the symmetry (z) axis, then the torque equation becomes 

[ ]mhzm oHsMi −×−=− ˆγω      (1.31) 

If we solve for the various components of h we get 

sM
ymixmoH

xh
γ

ωγ +
=  

sM
xmiymoH

yh
γ

ωγ −
=  0=zh   (1.32) 
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We can write this as a matrix equation 
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    (1.33) 

and then invert this to obtain a susceptibility tensor 

hm •= χ        (1.34) 

where χ is called the Polder susceptibility tensor, 
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   (1.36) 

To go further we will need to include equations for magnetostatics. We start with 

Maxwell’s equations which deal with magnetism 

0=•∇ B   JDH
ctc
π41

=
∂
∂

−×∇     (1.37) 

and in the static case take the time derivative and the current J to be zero.  So these 

equations become 

0=•∇ B        (1.38) 0=×∇ H

For these equations to hold in general, they must hold for the small time varying portions 

b and h.  Therefore 

0=•∇ b        (1.39) 0=×∇ h

where b is 
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and µ is defined as 
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We can define a scalar potential ψ such that h=-∇ψ since that will automatically satisfy 

the Gauss’s Law equation.  Then we have 
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Which reduces to 
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This is Walker’s equation for magnetostatic modes in a homogenous medium in cgs 

units.  In SI units the equation is 
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In general, this equation is tough to solve except in simple geometries.  Walker 33 

solved it in a spheroid.  Damon and Eshbach 34 solved it in a thin layer.  In more 

complicated geometries numerical work is usually needed.  This is the classical 

derivation of spin waves starting from Maxwell’s equations.  Although this derivation is 

explicitly done for small angle waves, the classical derivation probably best approximates 

what is seen in experiment.   

Spin waves can also be obtained starting from a quantum mechanical problem.  In 

these problems, spin waves are quasi-particles of flipped magnetization (roughly 

analogous with phonons) called magnons. 

This calculation is mathematically involved (for complete details see White 35).  One 

can start with the Holstein-Primakoff Hamiltonian 36 which is a second quantized 

Hamiltonian that includes Zeeman, exchange and dipole-dipole demagnetizing energy.  

One can develop raising and lowering (creation and anhihilation) spin operators to 

diagonalize this Hamiltonian.  The frequency dispersion for wavevector k=0 is found to 

be: 
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 ++= MyNiHMxNiH ωγωγω      (1.46) 

where Hi=Ho-4πNzMs, ωM=4πγMs, Ho is the external field, Nx,y,z are demagnetizing 

factors that depend upon sample geometry and are defined as  

π4
M

dH •−
=

N ,       (1.47) 

where in a diagonalized geometry Nx+Ny+Nz=1.  Thus, one can by symmetry arguments 

“guess” the demagnetizing factors (for example in a sphere, by symmetry, 

Nx=Ny=Nz=1/3). 

We can look at this formula in the special case where we have an infinite planar thin 

film with the external field directed along one of the axes in the plane.  Thus we have the 

x and z (magnetic field direction) in plane and the y axis out of plane.  Since the film is 

infinite in both x and z, it will have zero demagnetizing factor in those directions.  Hence 

we get Nx=Nz=0 and Ny=1, and the frequency dispersion is 

)4( sMoHoH πγω +=      (1.48) 

This is the Kittel formula 37 which gives the ferromagnetic resonance frequency as a 

function of applied field in a thin film sample.   

In the case where k≠0 the frequency dispersion is far more complex.   

( )[ ] ( )[ ] kMkzJSiHkzJSiHk θωγγγγω 2sin1212 +−−⋅−+=   (1.49) 

where z is the number of interacting nearest neighbor sites, J is the exchange constant 

between neighboring spins, S is the spin quantum number, θk is a spherical coordinate 

and ∑ •=
δ

γ δkie
zk
1 where δ is the vector between exchange coupled nearest neighbors.  

In the one dimensional case, we assume that there are two nearest neighbors (z=2) then 

kak cos11 −=−γ       (1.50) 

where a is the lattice constant.  For small k we have 
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thus 
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 += ksMaJSkiHaJSkiHk θγπγγω 2sin42222   (1.52) 

Note that this dependence is nearly quadratic and has a non-zero offset near k=0.  

Looking at the angular dependence, the frequency will be highest perpendicular to the 

symmetry axis (θk=90°) and lowest for propagation along that direction (θk=0°) 

 

1.7 Spin Wave Example – Damon-Eschbach Modes 

 
Damon and Eschbach calculated the magnetostatic modes for a thin layer 

magnetized in plane.34   Since this approximates our experimental case, it is instructive to 

look at.   

We need to solve the Walker equation inside the material.  To start we can assume a 

trial wave function Ψ inside the material 

rtk
r

•
=

i
ezzkoin )cos()( ψψ      (1.53) 

where kt is a wave vector in the plane.  Outside the material we must satisfy the Laplace 

equation 

02 =∇ ψ         (1.54) 

Here we will have a trial solution like 
zki outte ,~ ±• rk outt,ψ       (1.55) 

Since we want Ψ to vanish at infinity, we have to choose the signs of the exponent 

correctly.  Above the film we have 
zki outrCeabove

,)( −•= rk outr,rψ      (1.56) 

and below the film we have 
zki outrDebelow

,)( +•= rk outr,rψ      (1.57) 

The boundary conditions on the fields require that the tangential h be continuous, 

assuming the absence of any sheet currents, and that the normal b be continuous.  The 
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condition on h is equivalent to requiring continuity of Ψ across the boundary.  This 

requires that C=D and that kt,out=kt and 
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where d is the thickness of the film and the z-axis origin is at the center of the thickness.  

Continuity of the normal component of b at z=±d/2 gives 
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Thus we have 
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Substituting our trial function into the Walker equation we get 
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 ++ zkykxkχ      (1.61) 

Thus if we have kt
2=kx

2+ky
2 then we can relate kt and kz by 
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When this gives a real solution (i.e., 1+χ<0) we have allowed modes within the spin 

manifold.  If we combine these results and eliminate kz then we will get a dispersion 

relation giving kt as a function of frequency ω (which is buried within χ) 
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This equation can be solved graphically.   It gives multiple solutions which are numbered 

n=0,2,4 etc.  We can repeat the same process for a sine-wave trial solution and get odd 

solutions in n=1,3,5 etc. where n corresponds to the number of nodes through the film 

thickness.  These two can be combined into one full solution 
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The first few of these modes are shown in Fig 1.3 with constants chosen to represent 

permalloy.  Ho is taken to be 500 Oe and the sample thickness is taken to be 15 nm in this 

example.  Note that the spin wave manifold (range of real solutions) runs from γHo, the 

magnetic resonance frequency of a free spin, up to 2
oHoHsM +γ .  For this example 

that gives values of 88 to 145 1/s. 

This calculation is merely a starting point for a comparison with any of our 

experiments.  It is important to keep in mind the assumption of low amplitude spin 

waves.  Also, the thin layer is assumed to be infinite in dimension.  Storey et al 38 have 

taken the Damon-Eschbach modes one step further by “quantizing” them.  They allow 

only wavelengths that fit evenly within the finite length and width of the material to 

occur.  This method is an improvement, but it still does not take into account edge 

effects, demagnetizing fields and non-uniformity within the slab.  However, their 

calculation does agree well with their experimental results.  Bryant et al 39 take into 

account edge effects and demagnetization using a variational method.  They also discuss 

the merits of this approximate approach.  Another drawback is the assumption that there 

are no sheet currents in the layer.  In conductors such as permalloy we can have eddy 

currents.  However, this has not prevented permalloy from being used for experimental 

comparisons in the past, although the impetus to study permalloy stems from its industrial 

relavance. 
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Using micromagnetic simulation one can generate spin waves (although non-

analytically) for comparison with experiment.  In some ways, this is done in this thesis, 

although only with moderate success because the spin waves generated in experiment are 

often not fully resolved spatially.  These results are shown in chapter five.  This is one 

way in which the form of damping in the simulation can be checked definitively.  The 

damping form that gives the appropriate spin waves will likely be the correct form. 

Fig 1.3  Dispersion relation for first five Damon-Eschbach modes in 
permalloy.  Lowest mode is n=0.  Next lowest is n=1 etc up to n=5. 
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1.8 Modern Works in Magnetism 
 

A good summary of some pertinent modern works in magnetism is found in 

Hiebert.21 

A large amount of work has been done imaging static magnetic domains in thin film 

permalloy.  Hubert and Schaffer 40 contains several images and discussions about this 

topic.  A large variety of domain structures are possible.  For example, domain wall 

structure varies with film thickness.  For thin samples (~10 nm) domain walls are largely 

symmetric Neel walls (where magnetization rotates in the plane of the sample).  For 

thicker samples (90 nm or greater) domain walls are usually Bloch walls (where 

magnetization rotates in the plane of the wall).  In intermediate regimes, walls are an 

intermediate cross-tie wall (where magnetization rotates in both senses), with increasing 
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cross-tie density as thickness increases.  Labyrinth patterns can also occur.  This is likely 

due to demagnetizing field coupling across grain boundaries in a polycrystal sample.  

This is known as a magnetization ripple.41  Stray field coupling will be locally stronger in 

either the lateral or transverse direction and will thus lead to symmetry breaking in 

experimental results. 

Static imaging is not necessarily limited to surfaces.  Techniques exist to probe 

buried layers in magnetic multilayers.  Buhrman et al 42 use Ballistic Electron Magnetic 

Microscopy (BEMM) where they use a sharp tip scanned across a sample to inject “hot” 

electrons.  The top magnetic layer will act as a polarizer, as only those electrons with the 

same spin direction as those in the top magnetic layer will travel through the layer.  When 

current is measured in lower layers, those layers will act as an analyzer, since the 

polarized electrons from the top layer will be scattered unless the lower layer has the 

same magnetization direction.  Pollmann et al 43 use a polarized x-ray microprobe to 

image buried layers.  This uses intermediate energy x-rays (5-10 keV) which allow for 

penetration of the top layers of the structure to obtain information from buried layers.  

This method has the further benefit that it allows for element specific information, as x-

rays can be tuned to the chemical composition of the layers.  Techniques such as 

magnetic resonance force microscopy 44 also show promise to allow imaging of buried 

layers. 

In some experimental works on dynamic magnetization switching, thermal switching 

is studied.  A sample is held near its coercive field, such that thermal switching becomes 

probable.  Lederman et al 45 show thermal activation work on single domain γ-Fe2O3 

particles.  They find the thermal energy barrier to be more complex than just a single 

Neel barrier.  Below a 30° switching field a curling mode is seen.  Above a 30° switching 

field, uniform rotation is observed.  Koch et al 46 , after experiment and modeling, discuss 

an energy ladder containing several Neel barriers to be crossed, each with a probability of 

crossing forwards or backwards.  Switching occurs when all of the energy barriers have 

been surmounted. 

Gyrotropic switching has been studied by Bach et al 47 using the Stanford Linear 

Accelerator Center (SLAC) test beam, which is capable of producing local fields up to 

several Tesla with 2-4.4 ps length in time, by driving an electron bunch through a thin 
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film sample.  In these excitations, there is not sufficient time available for thermal 

activation to play any significant role, so thermal effects are removed from gyrotropic 

switching.  Co/Pt multilayers were analyzed post-excitation in their final equilibrium 

state, and the domains observed are consistent with coherent rotation in the different 

fields. 

Using magnetic modeling, the gyrotropic nature of reversal has been studied further. 

For example Hillebrands et al 48 have used Stoner-like magnetic particles to model their 

response to field pulses of varying strength, direction, length and shape.  Longer pulse 

data is governed by magnetic damping, and shorter pulses are dominated by gyrotropic 

effects.  The differences can be huge as is shown in Fig 1.4 48 which shows switching 

astroids with different pulses.  Fig 1.4a corresponds to a square field pulse of 2.75 ns 

duration, while in figure 1.4b it is 250 ps long.  In the long pulse limit (a pulse lasting 

long enough that the system reaches a new equilibrium and with a long enough risetime 

to remove the precessional effects), we expect that the result is the Stoner-Wohlfarth 

astroid.  Although the longer pulse more closely resembles it than the shorter one, both 

show oscillatory behavior.  The sample initially has its magnetization pointed in the left 

direction.  A pulse is applied that has components Hx and Hy as shown by the axes on the 

plot.  If the sample remains unswitched after the pulse the region is shown in dark grey.  

If it switches, the region is shown in lighter grey.  In general, if a pulse is applied to the 

left, no switching occurs.  If a pulse is applied to the right, which is strong enough to 

overcome coercivity, switching occurs.  If the pulse is short enough, it can start 

gyromagnetic oscillations, which may or may not induce switching.  Switching is 

dependant upon which of the two magnetization directions the spin is pointing along 

when the oscillations damp out.  Hence, it is possible to induce switching with a field 

pointing to the left (such as point a) depending upon the length of the pulse and a field 

exceeding coercivity, but pointing to the right will not necessarily induce switching. 
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The theory of the magnetic damping constant is discussed by Suhl 49 .  He discusses 

different damping mechanisms:  relaxation to the lattice, and “indirect” relaxation via 

excitation of spin wave modes.  He concludes that two distinct damping RATES might be 

seen during a switching process.  The first portion will be a rapid damping governed by 

spin wave excitations, and the second portion slower and governed by damping to the 

lattice.  Silva et al 50 have taken this one step further by explaining experimental work, 

assuming (in an ad-hoc manner) two different damping CONSTANTS for the different 

portions of the dynamical motions.  This is probably not justified since many simulations 

show apparent two rate damping for just one damping constant (as in chapter 5 of this 

thesis). 

Figure 1.4 Switching astroids for square-pulse magnetic field inputs.  If a 
pixel is displayed in light grey the sample switched.  If it is dark grey it did 
not.  (a) Longer pulse of 2.75 ns causes only slight deviation from regular 
Stoner-Wohlfarth switching (b) Short field pulse of 0.25 ns causes much 
larger deviations (from Bauer et al 48)  

a)

b)
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Safonov and Bertram 51 look at magnetization reversal as a nonlinear multimode 

process.  They simulate magnetization reversal in a single grain sample, where the grain 

is treated as a small system of subgrains that are exchange coupled and have uniaxial 

anisotropy.  Their gyromagnetic equations were solved without damping.   The 

magnetization follows Suhl’s discussion and shows a non-linear spin wave excitation on 

short timescale.  The spatially averaged magnetization over the grain significantly 

decreases during the reversal.  Bertram et al 52 go further in applying similar calculations 

to a thin film.  They find that excess Zeeman energy is transferred to magnetostatic and 

exchange coupled spin waves allowing the average magnetization to “relax” even in the 

absence of damping. 

Experimentally, several groups are studying dynamic magnetization processes.  

Results from our group 53 are discussed in many places in this thesis.  Silva and Rogers 50 

have done work using a permalloy bar on a microstrip line.  The bar is placed on top of a 

center conductor strip with step and impulse excitations sent down it along the hard axis 

(transverse direction).  An inductive sampling technique is initially used.  Rotation times 

as short as 200 ps are reported.  It is in some of the step data that they observe anomalous 

transient damping and introduce two separate values of the damping constant α.  This 

work is done without spatial resolution. 

Using the second harmonic magneto-optic Kerr effect (SHMOKE), Silva et al 50 

have added spatial resolution.  The frequencies of underdamped precessional response 

from the inductive measurement and the SHMOKE measurement are slightly different.  

This is attributed to slightly different responses from the sample’s bulk and surface 

properties, as second harmonic probes are principally sensitive to surfaces due to the 

symmetry breaking there.   
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a)

b)

 
Figure 1.5 Simulated reversal in a 5 nm thick 1.6 x 0.8 µm Ni60Fe40 element. (a) 
Reversal with a 70 Oe easy axis field.  The times of the images are 0, 0.25, 1.42, 1.59, 
1.75, 1.90, 2.07, 2.32 and 6.61 ns after the application of the pulse, reading left to right.. 
(b) Reversal with a hard axis field of 50 Oe and an easy axis field of 80 Oe.  The times 
of the images are 0, 159,279,399,519,639,849,969 and 1089 ps after the application of 
the pulse, reading left to right. 
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Koch et al 54 measure and simulate dynamical magnetization reversal in a 5 nm 

thick, 1.6 x 0.8 µm thin film Ni60Fe40 sample.  The magnetization is measured by using 

the element as the top layer of a spin polarized tunnel junction and measuring the 

tunnelling resistance across it.  The switching time is measured as a function of pulse 

amplitude with times ranging from 10 ns down to 500 ps and the pulse amplitude 

increasing from the coercivity (14 Oe) to 100 Oe.  This method does not allow for any 

spatial resolution.  These results were compared to the simulation which is shown in Fig 

1.5.  This simulation is quite reminiscent of many that will be shown further into this 

thesis.  Here there is a 70 Oe easy axis field pulse 10 ns in length (with a 40 ps rise time).  

In Fig 1.5 (a), the hard axis field (across the short dimension in plan) is zero.  The edge 

domains grow and meet in the center of the film.  The center then quickly rotates to align 

with the applied field and then nucleates reversal on the top and bottom edges of the film.  

In part b of the figure, a 50 Oe hard axis field is added.  The reversal becomes more 

coherent.  The magnetization vector rotates around the 80 Oe, 200 ps pulse.  They found 

that most of there experimental observations could be accounted for with this simulation. 
 

1.9 Summary of this Chapter 

 
This first chapter is intended to give the reader a theoretical background to be able to 

understand the main ideas in micromagnetism and to give a broader context for this work.  

Motivation for this thesis research from both a fundamental and applied is presented. 

Ferromagnetism and magnetization dynamics are explored, introducing the Landau-

Lifshitz-Gilbert equation.  A history of work in magnetization statics and dynamics is 

presented along with an introduction to a complimentary body of work studying k-space 

spin wave dynamics.  Finally, a survey of contemporary research in magnetism is 

provided. 
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2. Time-Resolved Scanning Kerr Effect Microscopy 

 
This chapter discusses the experimental technique of time-resolved scanning Kerr 

effect microscopy (TR-SKEM).  It is a combination of ultrafast laser techniques and 

optical microscopy to allow the observation of repetitive magnetization dynamics.  This 

technique has been detailed in several places.21,53   Those are more definitive references, 

while this chapter is intended as a general overview and a discussion of issues specific to 

the present experiments which are not fully covered in other reference material.  The 

following describes background to the technique and the specific set-ups used to gather 

the data in this thesis. 

The pump-probe experiment

pump

probe

t = 0

t =∆ t

equil. 1
equil. 2

ϕ

t
t = 0 t =∆ t (variable)

Nonequilibrium
response profile

SYSTEM

SYSTEM

 
Figure 2.1 Cartoon showing a generic pump-probe experiment.  A system is pumped out 
of equilibrium at time t=0.  At a variable time (t=∆t) later the system is probed to acquire 
the nonequilibrium response of a parameter ϕ 
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2.1 Ultrafast laser techniques 
 

Ultrafast lasers produce trains of very short optical pulses and are well suited to the 

study of  transient phenomena.  Two good reviews of ultrafast lasers and their 

applications are Diels and Kaiser.55  Since the TR-SKEM system is an ultrafast 

microscopy system, general pump-probe ultrafast laser exeriments will first be described. 

In pump-probe experiments, ultrafast lasers are used to stroboscopically observe 

repetitive phenomena.  A cartoon of such an experiment is shown in Fig 2.1.  A laser 

pulse is used to somehow excite, or pump, a sample at time t=0.  At some later instant in 

 
Figure 2.2 Schematic of Time-Resolved Scanning Kerr Effect Microscopy system used for 
magnetization reversal experiments.  Sample is pumped with a pulser that is triggered by the pulse 
picker or cavity dumper of the laser.  It is probed later with the laser beam itself.  The rotation in the 
polarization plane of the reflected light gives access to the magnetization.  
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time ∆t, the laser is used to probe the state of the sample giving a value of a parameter φ 

which is excited from equilibrium by the pump.   The interval ∆t can be varied by 

repeating this procedure to measure the entire non-equilibrium profile of the parameter φ.  

In principle, these techniques can have temporal resolution limited only by the width of 

the ultrafast laser pulse. 

The heart of any ultrafast microscopy system is the laser itself.  In the experiments in 

this thesis, the pulsed light source used is either a cavity-dumped dye laser or a Ti:Sapph 

laser that is run with or without a pulse picker. 

The dye laser is pumped by a mode-locked frequency doubled Nd:YAG laser and 

cavity dumped at a rate between 0.5 and 4 MHz.  Its pulse width is about 2 ps.  The 

output of the dye laser is noisy and is the limiting factor in the signal in experiments 

using it.  This is even after treatment with an electro-optic intensity stabilizer and filtering 

with either a pin hole spatial filter or a single mode polarization preserving optical fiber. 

The Ti:Sapph system is far more stable.  When pulse picked it has a repetition rate of 

400 Hz to 4 MHz.  It produces femtosecond pulses at around 800 nm (this value is 

tunable).  When not pulse picked the pulses repeat at 80 MHz.  The fundamental beam 

has RMS amplitude noise of well under one percent.  This allows for the signal to noise 

to be limited by the detection instead of the laser. 

 

2.2 Time-Resolved Scanning Kerr Effect System 
 

The time resolved scanning Kerr effect microscopy system is the experimental system 

used in the work in this thesis.  It uses an ultrafast laser to stroboscopically image 

dynamics using a homemade scanning optical microscopy system.  Magnetic information 

is gathered using the Kerr effect, a rotation of the polarization plane of reflected light 

which is proportional to magnetization.  A block diagram of a TR-SKEM system is 

shown in Fig 2.2. 

To detect an image, we need to detect the change in the polarization direction of the 

light after reflection by the sample.  A Thomson polarizing beam splitter is used to split 

the reflected beam into two perpendicular components.  These components are calibrated 

to be equal when there is no magnetic signal (ie before time zero).  The out of plane 
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signal is the difference in intensity, measured by two silicon photodetectors placed after 

the Thomson beam splitter.  The in-plane components are harder to detect, but can be 

done using quadrant detection.  There is an asymmetry in the reflected light scattered 

from the sample.  This asymmetry can be magnified by using a high numerical aperature 

objective.  Light reflected on the left side of the beam will carry away in plane 

information (as well as the out of plane information).  Light reflected on the right side of 

the beam will carry away the same in plane information, but with opposite sign (as well 

as the same out of plane information).  By adding the left side and subtracting the right 

side, gathered with quadrant photodetectors, we can separate the in-plane signal from the 

out of plane signal.  The other in plane component can be gathered by adding the top and 

subtracting the bottom half of the signal.  Fig 2.3 shows this is done.  Calibration of the 

relative strength of the various components is still a problem.  The out of plane 

component uses the polar Kerr effect while the in plane ones use the longitudinal Kerr 

 
Figure 2.3 Quadrant detection system.  A high numerical aperature objective will receive 
information from a cone of light foccused to a diffraction limited spot.  Light scattered on 
either side of the cone will carry away information on the magnetization state in the plane of 
the sample.  By adding and subtracting appropriate components in a quadrant detection 
system, one can isolate this in plane information from the out of plane information. 
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effect.  The difference is discussed more in section 2.3 where the Kerr effect is discussed 

in detail. 

In the set-up shown in Fig. 2.2, which was used for magnetization reversal 

measurements, a gated, variable delay electronic pulser is used to excite the system.  It is 

delayed electronically and excites a transient magnetic field which flows through a 

transmission line near the sample.  The pulser is gated in the kHz regime.  This allows the 

magnetic signal to be gathered using off the shelf kHz electronics using a lock-in 

 
 

Figure 2.4 Experimental system used for ferromagnetic resonance experiments.  The pump 
beam is shot through a variable delay line and then used to excite a fast magnetic field created 
by a photo-voltaic photodiode.  At a point later the probe beam gathers magnetization 
information upon its change in polarization direction upon reflection from a magnetic sample.  
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amplifier.  This system allows for detection over a delay range of tens of ns, with 50 ps 

temporal resolution.Ferromagnetic resonance experiments require better than 50 ps 

temporal resolution, so a different setup is used.  Figure 2.4 shows this experimental set-

up used for ferromagnetic resonance experiments.  The main modification from the 

previous setup is in the sample pumping.  The laser pulse is split into two beams.  The 

probe beam is sent into an optical delay line, a retro-mirror that can be mechanically 

moved by a stepper motor to increase or decrease delay.  The light is then shot back onto 

a photo-voltaic diode which provides the current for the transient magnetic field.  The 

probe beam is also delayed by a constant amount so that it arrives after the pump beam. 

Different experimental set-ups are used for different experiments due to the 

differing time scales over which the experiments must measure.  In the magnetization 

reversal experiment, a sample is reversed with a 10 ns magnetic field pulse, reversal 

times are typically hundreds of picoseconds to a few nanoseconds.  It is necessary to 

probe time differences longer than the transient magnetic field pulse, so a dynamic time 

range of more than 10 nanoseconds is needed.  This can be accomplished using an 

electronic delay.  The drawback of electronic delay is that jitter in the electronics limits 

temporal resolution to about 50 picoseconds at best, but this is acceptable because it is 

smaller than the reversal times.  There is a trade off between the temporal resolution and 

the length of time that can be studied in an experiment.  In a ferromagnetic resonance 

experiment better temporal resolution is needed.  The period of oscillation may be a 

couple hundred picoseconds or less, and we wish to study what is happening within an 

oscillation period.  The sample is pumped by as quick a transient field as possible.  The 

pulse from the photodiode is nominally symmetric.  It has a roughly 100 ps rise time and 

a 100 ps fall time (limited by the speed of the photodiode) – which contrasts to the 10 ns 

excitation in the reversal experiment.  The sample will continue to oscillate for a few 

nanoseconds if the field conditions are correct.  Using a mechanical delay line, the 

problem of electronic jitter is removed leaving the width of the laser pulse as the factor 

that limits temporal resolution of the observation.  One picosecond delay corresponds to a 

moving the mirror 0.15 mm (c=2d/t) which can be easily done with off the shelf 

components.  A delay line that allows for 90 cm of motion for the mirror (as is used for 

the ferromagnetic resonance experiment) will have a range of 6 ns.  It is possible to make 
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delay lines longer and longer to keep this better temporal resolution, but the arrangement 

quickly becomes unmanageable.  The longer the line is, the more critical the alignment of 

the optics becomes.  In the ferromagnetic resonance experiment, we can have a sub 

picosecond temporal resolution, but are limited to about a 6 nanosecond range in time. 

The other major difference between the two configurations is the repetition rate.  

Both experiments can be run simultaneously using the pulse picked light for the reversal 

experiment and the non-pulse picked light for the resonance experiment.  The non-pulse 

picked light will have an 80 MHz repetition rate leaving 12.5 nanoseconds between 

stroboscopic events.  This is long enough for the sample to return to equilibrium in the 

resonance experiment, but not in the reversal experiment, which is typically run at 800 

kHz. 

In both systems, a transient electrical current pulse is generated which will create a 

magnetic field pulse to drive the sample out of equilibrium.  To excite a sample out of 

plane, the sample should be situated beside the current carrying line.  To excite a sample 

in plane, it should be situated on top of the current carrying line. 

The imaging is stroboscopic.  It must be triggered repetitively and synchronously 

with the laser pulses.  To build up sufficient signal, the interaction of numerous laser 

pulses and repeated events are averaged and built up into a signal.  Because of this, it is 

possible to extract picosecond temporal information using kHz bandwidth electronics and 

detectors. 

 

2.3 Magneto-optic Kerr Effect 
 

To make our measurements we use the magneto-optic Kerr effect (MOKE) to 

measure the magnetization state of a sample.  Two good references on this topic are the 

Hubert and Mansuripur textbooks.40, 56  The Kerr effect is the rotation of the polarization 

plane of light when it is scatterered (reflected) by a magnetic material.  Mathematical 

analysis of the Kerr effect depends of the relative geometry of the incident light and the 

magnetization direction in the material.  There are three basic geometries.  For 

magnetization out of plane of the sample, the geometry is known as the polar Kerr effect.  

For in plane magnetization, parallel to the plane of incidence of the reflected light, it is 
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known as the longitudinal Kerr effect.  For in plane magnetization, perpendicular to the 

plane of incidence, it is known as the transverse Kerr effect.  These geometries are shown 

in figure 2.5.   There are differences in the mathematical analysis of each Kerr effect. 

 

 Figure 2.5 Geometries for the various Kerr effects.  E is the incident light’s direction of polarization, 
which has an angle of incidence  ϑo.  RN is the regularly reflected electric field amplitude.  RK is the 
magneto-optical Kerr amplitude.  This amplitude can be conceived as being generated by the Lorentz 
motion VLOR. which is due to current density J.   a) shows the polar Kerr effect (in this case with E 
parallel to plane of incidence).  The effect is the same for E perpendicular.  b) shows longitudinal  
Kerr effect for E parallel to the plane of incidence. c) shows the longitudinal effect for E 
perpendicular to the plane of incidence.  This is the same effect as in b) but opposite in sign d) shows 
the transverse Kerr effect.  Only polarization perpendicular to the plane of incidence yields an effect 

The Kerr effect derivation is done well in Freisen.57  The complete derivation is 

algebraically complicated and will be left to this reference.57  It involves solving the 

Helmholtz equation to find the allowed modes of propagation in the material and then 

using Maxwell’s equations to find the electric and magnetic field components in these 

modes, matching boundary conditions at the interface between the material and free 
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space and then solving for reflection coefficients.  In a homogeneous medium uniformly 

magnetized along the z-axis, the dielectric tensor may be written as: 
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Here the diagonal element of the tensor ε represents the normal interaction between light 

and the medium, while the off-diagonal term ε’ is due to magneto-optic activity.   Using 

this dielectric tensor, one can proceed with the mathematically complex calculation.  

Only the results are reported in this thesis.   

For the polar Kerr effect the reflection coefficients are : 
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where ε=n , θγ cos= , 2/2sin1 nθγ −=′ , where θ  is the angle of incidence of the 

light. 

For the longitudinal Kerr effect we have: 
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where ε=n , θγ sin= , θβ cos= , 2/2sin1 nθβ −=′ .  

Finally for the transverse Kerr effect we have: 
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where ε=n .  Since there are no cross-terms in this reflectivity matrix, one will see no 

rotation of polarized light with pure p state or pure s state incident upon a surface.  

However if a mixed state is used, some rotation will be observed because s and p light are 

reflected differently. 

It is also informative to think about the Kerr effect from a materials standpoint.  If 

we include the Zeeman effect in the theory of dispersion, magneto-optical effects can be 

calculated.  This can be seen from the following qualitative argument.  Linearly polarized 

light will induce electrons to oscillate parallel to their plane of polarization – the plane of 

the electric field E in the light  The regularly reflected light will have the same 

polarization plane as the incoming light, but a secondary electron motion due to the 

Lorentz force light, proportional to m x E, where m is the magnetization within the 

sample, will generate secondary amplitudes of reflected light.  The superposition of the 

regularly reflected light with the secondary light will lead to a magnetization dependent 

polarization rotation.  This argument shows that if the polarized light is in the same plane 

as the sample magnetization no Kerr rotation will be observed.  This can be seen by the 

zero cross terms in the transverse Kerr effect matrix. 

 

2.4 Summary of the Chapter 

 
This chapter is intended to give the reader a basic understanding of the time resolved 

scanning Kerr effect microscopy system used to gather the experimental data in this 

thesis.  Although not a definitive source, many references are given to papers that spell 

out the development and more precise details of the system.21,53  An introduction to basic 

pump-probe experiments and the ultrafast lasers used in our experiments is given.  The 

time-resolved scanning Kerr effect microscopy system is introduced, along with the 
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quadrant detection system. Special attention is given to a discussion on issues that 

influence this the work in this thesis that are not otherwise published in literature. Finally, 

the magneto-optical Kerr effect is discussed. 
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3. Micromagnetic Simulation 
 

This chapter discusses the technique used to do micromagnetic simulation, including 

the background, the algorithm used, as well as other potential variants that one could use.  

The micromagnetic simulation code is based upon pioneering simulation work from 

Hayashi, Mansuripur, Zhu and Bertram.58  It solves the Landau-Lifshitz-Gilbert equation 

of micromagnetic dynamics using finite element methods.  Our particular code was 

initially developed by Andrzej Stankiewicz, but its final form was a large part of the work 

in this thesis. 

 

3.1 Landau-Lifshitz-Gilbert Equation 
 

Magnetism is inherently quantum mechanical as is shown by the Bohr-van Leeuwen 

theorem,8 however it is not tractable to solve quantum mechanical problems with billions 

of atoms as is the case in micromagnetics.  Thus an approximate theory is needed that is 

more tractable.  The phenomenolgical Landau-Lifshitz-Gilbert theory, as derived and 

discussed in section 1.3 of this thesis, is such an option.  It has been a very reliable theory 

(see the successes in the magnetic recording field as examples!), and is the best starting 

point for a comparison with the experimental micromagnetic dynamic observations.  This 

will be one of the most stringent tests of the LLG theory.  Eventually, it is hoped that this 

comparison will push LLG beyond its limitations.  Possibly it will show that a single 

damping constant is not enough to describe the dynamics, or that the Newtonian 

approximations involved are invalid.  In this case, it may become necessary to go beyond 

the LLG theory. 

 

3.2 Methods of Demagnetizing Energy Calculation 
 

Since this is the most complex part of a micromagnetic simulation special attention 

will be devoted to this problem.  A general solution of this problem can be found by 

noting the parallels with electrostatics using potential theory. This derivation is from 

Aharoni.23   
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If we define a reduced magnetization 

( ) ( )
sM
rMrm =        (3.1)  

and we further define a reduced volume charge density λv and a surface charge density σs   

mv •−∇=λ  and nms •=σ     (3.2) 

where n is the outward directed surface normal, the potential from the demagnetizing 

field at position r can be found by the integral 
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where Hd(r)=-∇ Φd(r).  With another integration we obtain 
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As beautiful as this closed solution may be, it is only calculable in the most trivial cases 

since it is a sixfold integral (three to calculate Φd(r) and three more to calculate wd).  To 

go beyond simple cases we need another form to evaluate numerically. 

The approach in a finite element simulation is to compute as many steps of the 

problem analytically as possible.  This approach can be traced back to Rhodes and 

Rowland.59  The argument shown here is similar to that of Hayashi.60  A dipole magnetic 

field that would be required to generate the known magnetization M is superimposed 

upon the center of each cell.  Thus the demagnetizing field can be calculated as follows 

( ) Vd
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d
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where integrations are carried out in the source cell V’ and the distance vector Q’ runs 

from the center of the cell to the observation point and its magnitude is denoted by r.  If 

we further assume magnetization to be constant within each cell we can write this as a 

matrix equation as shown 
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where Kij are purely geometric terms called demagnetizing coefficients (note that these 

are slightly different from the demagnetizing factors N deiscussed in section 1.5.  In 

vector notation this is 

∑ −=
Q
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The other demagnetizing coefficients can be found by cyclic permutation on x,y or z.  

These integrals can be performed to yield demagnetizing coefficients in the form below 
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where rijk is defined as 
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∆x,∆y and ∆z are the dimensions of each cell with indices I,J,K.  The other 

demagnetizing coefficients can be found by permuting x,y,z along with I,J,K and 

∆x,∆y,∆z. 

This is a starting point for demagnetizing calculations, but it alone is not enough.  

The assumption that the point dipole is at the center of every cell in this calculation is  

insufficient when the angle between adjacent spins is large (see for example 

 61



McMichael61). It is necessary to further improve the demagnetizing coefficients by 

volume averaging them (or calculating an average value for a point dipole at all positions 

within the cell).  This has been done by Fukushima et al.62  These volume averaged 

demagnetizing coefficients are (in a compact computational form) 
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 where the arrays ax,ay,az and sn are defined as follows 
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and d is defined as 

222 zyxd ++=       (3.14) 

As before other formulas come from permutations of the coordinates. 

There are a number of general features of this calculation that can aid in its 

computation.  Regardless of which set of demagnetizing coefficients are used, note that 

they only depend upon the distance between two cells and not their absolute position.  

Thus, the coefficients can be stored in a much smaller portion of the memory. 
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Note also, that the form in eqn 3.7 has an inner sum, which amounts to a discrete 

convolution, as long as the cell positons are periodic.  This sum can be computed by Fast 

Fourier Transform techniques, greatly increasing its computation speed (Hayashi 58).  The 

drawback is that with periodic cells you cannot have an adaptive cell size.63   Adaptive 

cell size would allow you to have small cells only where necessary (for example domain 

walls) and larger cells where they can be allowed (for example domains) thus speeding 

up calculation as less cells are needed.  In our simulation we have chosen to use FFT 

techniques instead of adaptive cell size.  This gives us the benefit of faster simulations, 

which is especially important in our case of magnets several micrometers in size, but 

prevents the use of odd shaped cells for non-rectangular boundaries (ie circular samples). 

 

3.3 Coordinate Systems 
 

One of the first problems in solving the LLG equation is determining which 

coordinate system to use to represent the magnetization components.  The  two common 

  
Figure 3.1.  Coordinate systems in which micromagnetic simulation can be carried out.  
Magnetization can be specified by Cartesian coordinates (x,y,z) or by spherical angles (θ,φ)  
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ones are Cartesian and spherical coordinates.  See figure 3.1 detailing both coordinate 

systems.  Both have advantages and drawbacks. 

In spherical coordinates there are only 2 degrees of freedom in the LLG equation and 

this can easily be captured in the coordinate system.  Since the length of all magnetization 

vectors are constant, only the magnetization angles θ and φ are needed for each point.  

The constraint of constant magnetization (see section 1.3) is unconditionally satisfied by 

this choice.  The drawback is that when the polar angle θ approaches 0 or π, the 

azimuthal angle φ is no longer uniquely defined.  This prevents any LLG calculations in 

this regime.  By carefully choosing the orientation of the problem to be solved, this issue 

can usually be avoided.  If it cannot it may become necessary to use multiple coordinate 

systems within the same problem (Nakatani 59), which becomes quite cumbersome.  To 

date we have not encountered any problems that cannot be solved within a carefully 

chosen single coordinate system. 

In Cartesian coordinates, the problem of φ being undefined is non-existent.  This is a 

significant convenience.  However, the constraint of constant magnetization is not as 

easily satisfied.  Due to round off error it is possible that the length of the magnetization 

vector in a cell will change over time.  If this becomes significant, one solution (Nakatani 
59) is to independently calculate two magnetization vector components and use the 

constraint  

222
yMxMsMzM −−±=      (3.15) 

to determine the third component.  Since this only determines the absolute value of a 

component, it is necessary to choose this component when its value is sufficiently far 

from zero that its sign can be assumed. 

In our simulation we use both sets of coordinate systems.  Most of the calculation is 

done using the spherical magnetization angles, but it is much easier to calculate FFTs in 

Cartesian coordinates so we convert for the FFT and then convert back. 
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3.4 Form of Landau-Lifshitz-Gilbert Equation used in Simulation 
 

In order to efficiently solve the LLG equation it is necessary to get it into the 

simplest form possible.  We start with it in the form 

dt
d

sMdt
d MMHMM

×+×−=
αγ      (3.16) 

In spherical coordinates we can obtain the equations 
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where Hφ and Hθ are effective magnetic field components in those directions.  Solving 

these equations for dMφ/dt and dMθ/dt yields 
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We can now define a dimensionless variable t* where 
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This will transform these equations to 

ϕθαθ HH
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−−=

∗
,  φθ

φ αθ HH
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dM
−=∗ sin  (3.20) 

These are the equations used in the simulation. 

 

3.5 Simulation Algorithm 
 

The complete simulation code is listed in Appendix A.  Two and three dimensional 

simulation codes are given.  Most of the work was done using the two dimensional code 
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since we use thin film samples which are well approximated by the two dimensional 

simulation and will run much faster.  The program is broken up into several different 

files.  The global variables are kept in global.inc.  This is a file which is included in the 

major subroutines to pass global variables from one routine to another.  In this routine, 

information like the size of the sample and the number of cells to be used is set.  Sim is 

the programmable driver.  In it, information such as the names of input and output files  

and the time that the problem is integrated over are set.   Init is used to initialize variables 

such as the sample mask and demagnetizing coefficients.  The most important of the 

initialized variables is the sample mask, which is a three dimensional array.  In the two 

dimensional simulations, the first index runs from –2 to 2 and the second and third from 1 

to nxmax and 1 to nymax respectively.  If a cell (x,y) is contained within the sample, then 

 
Figure 3.2 Flowchart for simulation program 
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mask(0,x,y) will be one, if that cell is outside the sample, then it is zero.  The other 

elements are used for exchange calculations, mask(-1,x,y), specifies if the cell to left of 

(x,y) is in the sample for exchange calculations; mask(1,x,y) is to the right; mask(-2,x,y) 

is the cell below; and mask(2,x,y) is the cell above.  This allows for odd shaped samples 

to be used in simulation.  Rk is used to condition the program for using the 4th order 

variable stepping Runge-Kutta solver rksuite, which was written at Southern Methodist 

University 64.  Output is done in the output routine.  Various components of the magnetic 

field are calculated in the other routines.  Demag calculates the demagnetizing field (as 

well as exchange) using FFTs.  Code is written to use both the built in FFTs on the SGI 

system and to use FFTW (the fastest FFT in the west) which was written at MIT 65.  

Demfor contains the formulae used for demagnetizing coefficients.  Anisot calculates 

anisotropy fields.  Deriv calculates the derivatives dMθ/dt and dMφ/dt as required for 

rksuite.  Interrupt is used to restart the program whenever the queue is reset on  Aurora, a 

Silicon Graphics SGI-Origin 2000, located at the University of Alberta.   

The program begins in sim to figure out what problem is being done and then goes to 
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Figure 3.3 Initial test problem run with Roger Koch to test our micromagnetic code 



init to initialize variables.  It then goes into rk to set up to take a Runge-Kutta step and 

calculates the various magnetic fields using demag, demfor and anisot before stepping 

forward with rksuite solving the equations defined in deriv.  The time steps are done with 

a variable stepper.  The code measures the change in the magnetization angles (θ,φ) and 

accepts a step if this change is below a specified tolerance (which can be set in the sim 

routine using the variables tol and thres).  If a step is sufficiently far below the error limit, 

it will attempt a larger time step next time,.  If a step exceeds error limits, it will discard 

that step and attempt a smaller step in time.  Periodically it saves the output using output.  

The flowchart is shown in figure 3.2 

 

3.6 Benchmarking the code 
 

The first test when the micromagnetic simulation code was written was to ensure 

that its calculations were correct.  The National Institute of Standards and Testing (NIST) 

has a series of standard problems66 that can be used to test magnetostatic simulations, but 

they do not address dynamic problems.  They are a starting point, but do not directly 

apply to our code.  Our code was run on the same problems as Roger Koch’s 

micromagnetic simulation code.54  This was the same series of problems which has been 

run using several major micromagnetic simulation programs.67  In these problems, the 

sample is 400 nm x 200 nm x 6.25 nm.  It is divided into cubic cells with linear 

dimension 6.25 nm to make a grid of 64 x 32 x 1 cells.  Material parameters used are 

saturation magnetization 4πMs=10 kGauss, exchange constant 10-6 erg/cm and damping 

constant α=0.01.  To calculate an initial state, we start with all spins pointing in the 

negative x direction (see figure 3.3).  There is a field of –100 Gauss in the x direction and 

100 Gauss in the y direction.  The sample has 5 ns to equilibrate.  Then it is left in zero 

external field for 5 ns.  With this initial state, we have a zero risetime DC magnetic field 

pulse of 0, 50, 100, 150 and 200 Gauss along the y axis and 0, 50, 100, 150 and 200 

Gauss along the x axis for 2 ns.  Then the sample is allowed to equilibrate in 0 Gauss for 

3 ns.  This makes for twenty-five runs in total.  We expect to see small details that are 

different due in a large part to exchange energy.  The exact theory of exchange holds on 

the atomic level and we must make assumptions to implement it with larger cells.   

 68



0 Gauss X 0 Gauss Y

time (s)

0 1e-9 2e-9 3e-9 4e-9 5e-9 6e-9

M
x/

M

-0.9030

-0.9028

-0.9026

-0.9024

-0.9022

-0.9020

O Gauss X 50 Gauss Y

time (s)

0 1e-9 2e-9 3e-9 4e-9 5e-9 6e-9

M
x/

M

-0.94

-0.92

-0.90

-0.88

-0.86

-0.84

-0.82

-0.80

-0.78

0 Gauss X 100 Gauss Y

time (s)

0 1e-9 2e-9 3e-9 4e-9 5e-9 6e-9

M
x/

M

-0.95

-0.90

-0.85

-0.80

-0.75

-0.70

-0.65

-0.60

-0.55

0 Gauss X 150 Gauss Y

time (s)

0 1e-9 2e-9 3e-9 4e-9 5e-9 6e-9

M
x/

M

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0 Gauss X 200 Gauss Y

time (s)

0 1e-9 2e-9 3e-9 4e-9 5e-9 6e-9

M
x/

M

-2

-1

0

1

Figure 3.4 Roger Koch’s simulation comparison.  Runs with 0 Gauss along the X axis 
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Figure 3.5 Our simulation for comparison with Roger Koch.  Runs with 0 Gauss along the X axis

 70



50 Gauss X 0 Gauss Y

time (s)

0 1e-9 2e-9 3e-9 4e-9 5e-9 6e-9

M
x/

M

-0.93

-0.92

-0.91

-0.90

-0.89

-0.88

-0.87

-0.86

-0.85

50 Gauss X 50 Gauss Y

time (s)

0 1e-9 2e-9 3e-9 4e-9 5e-9 6e-9

M
x/

M

-0.95

-0.90

-0.85

-0.80

-0.75

-0.70

-0.65

50 Gauss X 100 Gauss Y

time (s)

0 1e-9 2e-9 3e-9 4e-9 5e-9 6e-9

M
x/

M

-1

0

1

2

50 Gauss X 150 Gauss Y

time (s)

0 1e-9 2e-9 3e-9 4e-9 5e-9 6e-9

M
x/

M

-1

0

1

2

50 Gauss X 200 Gauss Y

time (s)

0 1e-9 2e-9 3e-9 4e-9 5e-9 6e-9

M
x/

M

-1

0

1

2

Figure 3.6 Roger Koch’s simulation comparison.  Runs with 50 Gauss along the X axis
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Figure 3.7 Our simulation for comparison with Roger Koch.  Runs with 50 Gauss along the X axis                                                  
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Figure 3.8 Roger Koch’s simulation comparison.  Runs with 100 Gauss along the X axis 
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Figure 3.9 Our simulation for comparison with Roger Koch.  Runs with 100 Gauss along the X axis                                                
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Figure 3.10 Roger Koch’s simulation comparison.  Runs with 150 Gauss along the X axis
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Figure 3.11 Our simulation for comparison with Roger Koch.  Runs with 150 Gauss along the X axis                                              
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Figure 3.12 Roger Koch’s simulation comparison.  Runs with 200 Gauss along the X axis 
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Figure 3.13 Our simulation for comparison with Roger Koch.  Runs with 200 Gauss along the X axis                                    
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A comparison between Koch’s results and ours is shown in figures 3.4-3.13, with five 

plots each with the same magnetic field along the long axis of the sample, but with 

varying magnetic fields along the short axis.  Plotted on the y-axis is the magnetization in 

the x-direction (the long axis) integrated over the entire sample, normalized by the total 

magnetization of the sample.  Time is plotted along the x-axis.  In each of the twenty-five 

cases, similar dynamics is seen.  The large scale sample behavior (whether it switches or 

doesn’t switch) is the same in both cases.  Rise times and oscillations have similar 

periods and shapes.  This comparison is successful.  It shows that our simulation behaves 

the same as other existing magnetization dynamics simulations on a simple problem. 

These simulations show a wide cross-section of what is possible in magnetization 

dynamics.  If a magnetic field larger that the coercive field of a sample is applied along 

its long axis (the initial direction of magnetization), it will switch its direction of 

magnetization by 180 degrees.  If, in addition, another magnetic field is applied along the 

short axis of the field, the long axis field required to switch magnetization direction is 

reduced.68  The change in magnetization when a sample switches magnetization direction 

is accomplished in this zero temperature simulation by precession of the various spins 

within the sample.  This precession can be coherent throughout the sample, or incoherent 

between different domains.  When it is coherent, periodic resonance oscillations can be 

observed within the sample.  This is the magnetization of the spins undergoing a damped 

ferromagnetic resonance.  A coherent rotation is usually faster than an incoherent one, so 

often a short axis field is added to speed up the reversal.  When coherent rotation is 

observed, if it is caused by a short pulse the final equilibrium state (whether or not it 

switches) can be determined by pulse length alone as in the work of Hillebrands.48 

 

3.6.1 Speed of Computation Comparison 

 

The simplest comparison to make is the time needed to run a problem.  One way to 

look at this is in terms of “expansion time”, this is the ratio of the time of computation to 

the time the actual magnetic dynamical event will take.  Koch reports an expansion time 

of 6.4 * 1010 using a 450 MHz pentium for this set of problems.  On other slower IBM 
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machines, he reports that it this can slow to ~ 2 * 1011.  We find a 1.15 x 1011 expansion 

time using a 233 MHz pentium, which is in this ballpark. 

 

3.6.2  Issues Uncovered While Benchmarking 

 

This good comparison in the standard problem run with Roger Koch was not simple 

to achieve.  It took several tries to get the same parameters between our simulation and 

Koch’s one.  There are other runs with slightly varying parameters stored on CDs.  The 

major difference between the different attempts is the way exchange is handled on 

boundaries.  In order to explain this issue and the different options, we need to look 

further at exchange energy and how it relates to other energy terms.   

Of the energy terms we are considering as important to magnetism, on the 

interatomic scale, exchange will dominate.  It will be the largest energy term and will 

tend to align all the atoms spins as long as the region of interest remains small enough.  

How small a region we need to look at depends upon the other energy terms involved.  

Two different length parameters can be found.  Both are known as exchange lengths.  

One exchange length is found by comparing anisotropy energy with exchange energy.  

This exchange length is given by 

uK
AA

exl
2

=        (3.24) 

where A is the exchange constant and Ku is anisotropy constant.  If we take A as 10-6 

erg/cm and Ku as 104 erg/cm3 which are typical values for permalloy, we get an exchange 

length of about 70 nm. 

One can get another exchange length by comparing demagnetizing energy with 

exchange energy.  This exchange length is given by 

22 sM

AD
exl

π
=       (3.25) 

taking the saturation magnetization Ms to be 860 Oe.  This gives an exchange length 

slightly below 5 nm.   
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Figure 3.14 Various methods of handling the exchange interaction at boundaries.  
With sufficiently small cells they will all give same result. a) is the traditional (Zhu) 
method, b) and c) are departures from it that help ensure Maxwell’s equation 
boundary conditions are satisfied for larger than optimal cell size.
long as the cell size is sufficiently small with respect to the exchange lengths, it is 

 that the simulation will produce results that are independent of cell size.  This 

t is somewhat vague, and it required some amount of trial and error to determine 

ce what size of were needed (see chapters 4 and 5). 

en cells become large with respect to exchange lengths, the simulation begins to 

sent the physical situation.  There is less energy in exchange in the simulation 

re should be in the experimental case.  Only exchange energy is dependant upon 

, other energy terms maintain their value.  This eventually leads to discrepancy in 

lation by underestimating exchange energy.  In cases where other energy terms 

h larger than exchange, the simulation can still produce meaningful results with 

ch larger than the exchange length.  However, another problem can start to occur 

undary of the sample.  We know from Maxwell’s equations that the derivative of 

netization M normal to a boundary is constant across that boundary.  Since there 

terial outside the ferromagnet that means this derivative is zero on the magnet’s 

ith sufficiently small cells this condition is trivially satisfied.  Larger there 

e error in this boundary condition.  This error can be corrected by carefully 

exchange at boundaries.  Three options were tried.  If a cell is outside the sample, 

e neglected for exchange calculation.  This is the most traditional approach and 

advocated by Jimmy Zhu.69  However, this leads to boundary condition problems 

ell sizes are large.  Two other options (see Figure 3.14 for a schematic 
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representation of these) include replicating edge cells (3.14.b) or nearest neighbor cells 

(3.14.c).  These will better fit the boundary conditions for larger cells.  It was found that 

replicating edge cells gave very similar features to neglecting exchange at boundaries, but 

helped boundary conditions to better satisfy the boundary conditions.  Using nearest 

neighbor cells, although boundary conditions are satisfied, does not always give the same 

dynamics.  Switching is faster when nearest neighbor cells are used for exchange on 

boundaries.  This is because the closure domains on the edge of the sample are not 

parallel with the applied magnetic field, whereas in general the spins in the center of the 

sample are.  They will feel a larger torque from an external magnetic field and thus will 

switch first.  The sample with nearest neighbor exchange will “drag” both the edge cell, 
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as well as the nearest neighbor, together when they begin to switch due to stronger 

exchange coupling.  This starts the switch faster in the nearest neighbor sample and leads  

to artificially fast dynamics (ie faster rise times etc).  This effect may arise slightly when 

edge cells are replicated for exchange, but it is far less significant.  As an example we can 

use the case of 100 Gauss in X and in Y.  Figure 3.15 shows the integrated Mx vs. time  

curves for each.  Note that the nearest neighbor switch is significantly faster, but the other 

two switches take nearly the same amount of time.   

Theoretically, the question of how to handle boundaries is even more complicated 

due to surface anisotropy.23  This is the realization that a spin on the surface has a nearest 

neighbor on one side but none on the other and this affects exchange.  Calculations have 

been done for a few atomic layers 70 that show that surface anisotropy can affect the 

atoms that are a few layers inward from the surface.  Thus, there is some room for 

uncertainty on how best to handle exchange at surfaces in micromagnetic simulation.  

 

3.7 Conservation of Energy 
 

Another important test for the simulation code is to check that it conserves energy 

when there is no damping.  A stringent test for this is a large angle magnetic motion, such 

as a magnetic reversal because it will be a more complex computation.  A sample of the 
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Figure 3.16.  Energy in a trial simulation plotted against time.  The sample loses about 2.5% of 
its total energy during the reversal.  Energy loss is during the large angle motion at the start of 
the reversal and slows when this motion is complete 
 



same size, shape and initial state and with the same parameters as in the previous 

benchmarking is used.  It is then given a 300 Oe field along the x-axis so that it switches 

quite rapidly.  This is a large “boost” of Zeeman energy, which as the sample switches is 

converted into exchange and demagnetizing energy.  The sample does not reach an 

equilibrium, as there is no damping.  The spins precess about an axis in the reversal 

direction with energy being converted between exchange and demagnetizing energy.  A 

plot of the total energy vs. time is shown in figure 3.16.  Throughout over 2 ns of motion, 

approximately 2.5% of the energy within of the sample is lost.  The energy is lost most 

quickly during the rapid switch in magnetization and when the sample motion slows, the 

energy stays far more constant.  In lower driving fields, it is expected that energy is better 

conserved. 

 

3.8 Other Simulation Possibilities 
 

Landau-Lifshitz-Gilbert micromagnetic simulations are not the only possible way to 

try to solve micromagnetic problems.  Other methods exist, but they tend to be better 

suited for static problems or use a more complicated and experimentally unsupported 

damping term.  Static simulations tend to be based upon the La Bonte iteration.71  This is 

discussed in the upcoming section.  More complex damping term simulations such as 

Bloch-Bloembergen 72 and Bar`yaktar 73 are discussed in the following sections. 

 

3.8.1 La Bonte Iteration 

 

If the problem is to determine the equilibrium magnetization configuration, the 

fastest method is likely the La Bonte iteration.71  It is known to converge significantly 

faster than an LLG simulation.   

In equilibrium, the magnetization in any cell will be aligned with the effective field 

in that cell.  The La Bonte iteration is to make a reasonable guess for the magnetic field 

H (Only the external field would be known exactly.  Exchange, anisotropy and 

demagnetizing fields are guesses.) and then align the magnetization M with H.  This 

magnetization will change the overall field H, so a new H can be calculated with this M.   
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To iterate M is replaced by MH/H where H is calculated from the assumed M.  

Eventually, this technique converges to a solution but it is slow.  In order to speed up the 

convergence, the correction from one term to the next 

MHM −=∂
H

M       (3.21) 

is multiplied by a scalar factor w, which is chosen by how quickly it can make the 

calculation converge to a solution.   

This technique will lead to an equilibrium configuration but is very poor for 

dynamics.  It is very hard to pull a time scale of motion out of this technique.  Also, all 

motion would have to be quasi-static as equilibrium values would be calculated 

throughout the motion.  Likely the assumption of quasi-static motion breaks down. 

 

3.8.2 Bloch-Bloembergen Equation 

 

Another common form of damping is the Bloch-Bloembergen equations,72 they 

assume that the longitudinal and transverse components of magnetization have different 

relaxation rates, thus allowing for change in the length of the magnetization vector.   

These equations are 

[ ]
12T

zM

zzdt
d M

effHMM −
−×−=

 γ     (3.22) 

[ ]
22
,

,, T
yxM

yxyxdt
d

−×−=


effHMM γ  

Here relaxation is a two stage process.  The magnetization is reduced along a preferred 

axis, the direction of magnetization (in this case the z direction).  Its precessional motion 

is slowed along the directions perpendicular to this preferred axis.  T1 is called the 

longitudinal relaxation time.  It is the time the magnetization takes to shrink along the 

preferred axis.  Processes that lead to change in magnitude of the magnetization vector 

are generally spin-lattice interactions.  T1 is also often called the spin-lattice relaxation 

time.  Transverse components relax differently.  This relaxation maintains absolute value 

of the magnetization.  They do so with a relaxation time T2.  At this point, there is no 
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convincing data that suggests that this approach is any better than an LLG simulation, 

although it is more complicated and has more free parameters (T1 and T2 replace α).  

With the success of LLG in magnetoelectronic applications, it makes sense to begin with 

an LLG simulation. 

 

3.8.3 Bar’yaktar damping 

 

Bar’yaktar 73 is far more general in his equation of motion allowing for directional 

dependence due to crystal symmetry (and its effect on for example exchange).  He 

derives a magnetization dynamics equation as shown 

{ }H2
keHMM

∇−+×−= 2aeiHiksM
dt

d ααγγ   (3.23) 

Here αik is a damping tensor which comes directly from the Dirac equation and αe is 

damping due to exchange, a is the lattice constant of the material, ek is a unit vector and 

summation on repeated indices is assumed.  This equation does not conserve the length of 

the magnetization vector.  Also, because the dissipative function in this equation is quite 

complicated in how it relates to the effective magnetic field H, the analysis of relaxation 

in the system is quite complicated.  Ten damping parameters are needed to numerically 

solve this equation (vs 1 in LLG).  It would be quite difficult to isolate and measure these 

different parameters, likely leaving many free parameters to simulation.  It appears that 

no Bar’yaktar simulations have been carried out successfully and no values for the 

associated damping parameters exist.  The only work to date 57 has been analytic 

calculation, which is perturbative in nature, relying upon the fact that the damping 

constants are small and can be viewed as perturbations.  Results are similar to those from 

more traditional techniques.  No definitive prediction or explanation of experiment 

appears to exist that shows Bar’yaktar damping is any better than the damping constant in 

the LLG equation.  This may become possible with better experiments.  Because the LLG 

equation is far more tractable and has not been shown to be inadequate, it is used for 

simulation and not Bar’yaktar. 
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3.9 Summary of the Chapter 
 

In this chapter, the micromagnetic simulation is introduced.  A short discussion on the 

Landau-Lifshitz-Gilbert equation (derived in chapter one) is given.  The mathematically 

complex task of calculating demagnetizing energy is introduced with a few different 

methods for how it can be done.  The problem of which coordinate system to use in a 

simulation calculation is given.  The mathematical form of the LLG equation used in 

simulation is derived.  The algorithm of the simulation code is explained.  The two 

dimensional code is in Appendix A and the three dimensional code in Appendix B.  The 

first trials to validate the code, by checking for energy conservation and by solving a 

standard problem and comparing our results to an established code are presented.  The 

results are given, and a discussion of the issues encountered during the comparison is 

given.  Alternative methods to a micromagnetic LLG simulation are introduced, with a 

brief discussion on their strengths and weaknesses.  These methods are La Bonte’s 

iteration, the Bloch-Bloembergen equation and Bar’yaktar damping.  It is hoped that after 

reading the chapter, the reader will be familiar with the issues regarding micromagnetic 

simulation and understand the choices made in writing our code.  This detailed 

comparison with experiment could not have been performed without the code 

development reported here. 
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4. Ferromagnetic Resonance 
 

In this chapter we will look at the ferromagnetic resonance experiments that were 

used first as a check of the simulation and later as a significant test.  This is a good first 

test because it is a small angle excitation.  This is a favorable condition for a single 

damping constant Landau-Lifshitz-Gilbert simulation because motion will be strongly 

driven by long wavelength magnetostatic modes, which the simulation captures well.  

Because the motion does not have small features (such as domain walls) possibly larger 

cells can be used.  The first tests were done using the simulation to reproduce data from 

Wayne Hiebert’s master’s thesis.73  Later results are from experiments done by Miro 

Belov and the author to find the influence of a patterned defect in ferromagnetic 

resonance. 

 

4.1  Experimental Details 
 

The first set of data was obtained by Wayne Hiebert.  Experimental details can be 

found in Freeman et al.52.73  The data was gathered with the dye laser and the system 

discussed in chapter two.  The sample was excited with a biased photoconductive switch 
74 made of GaAs with gold interdigitated leads patterned on it. A schematic of the switch 
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Figure 4.1 Schematic of a sample positioned in a gold coil with a GaAs 
photoconductive switch (PC) for pumping as in first ferromagnetic resonance 
experiments.  The probe beam shines on the magnetic sample within the coil.   
S1 is the sample containing the photoconductive switch that is mounterd on S2, 
the patterned  ferromagnet inpositioned inside a gold coil.  



with a sample is shown in Fig 4.1.  When light is shined on the switch, it conducts due to 

electron-hole pair creation in the GaAs.  Typically, under these conditions it has a time-

averaged resistance of 10 kOhms.  Electron-hole recombination exponentially raises the 

resistance after the pump pulse ends.  The current pulse has a half-life around 400 ps.  

When there is no light on the switch, its resistance is greater than 30 MOhms.  When the 

switch was illuminated with the pump beam and thus turned on, current flowed through 

the coil exciting the permalloy sample inside it.  The permalloy sample is biased by a DC 

magnetic field in the plane.  The current in the coil tips the magnetization, making it 

precess about the bias field.  It oscillates at its resonance frequency.  This is detected at 

some time later with the probe beam.  The detection is done with a lockin amplifier at the 

frequency of the AC bias voltage on the photoconductive switch.  Time delay of the 

probe pulse is varied with an optical delay line. 

 The later results were gathered using the set-up described is section 2.2 and pictured 

in Fig 2.4.  Te experimental system with a photovoltaic cell is easier to operate because 

there is no need to use a photoconductive switch.  Photoconductive switches are difficult 

to use because they can overload and be damaged quite easily if too much laser power 

shines upon them, if they are subject to an electrostatic discharge or if too much current 

flows in them.  Also, it is very hard to shape the current pulse because electrical 

reflections can occur at the bonds between the sample and the switch.  It is almost 

unavoidable to have some reflections in the system.  Reflections can be minimized by 

keeping the distance between the switch and the sample to a minimum.  This is hard to do 

because the probe beam is focused with a microscope objective and the pump beam must 

also be focussed on the switch with a lens. They can only be brought a certain distance 

apart without the objective clipping the pump beam or the lens clipping the probe beam.  

The major benefit of using a photoconductive switch comes in temporal resolution.  The 

switch responds very quickly to its illumination and, effectively, no temporal resolution is 

lost in this conversion, so the ultimate limit in temporal resolution remains the width of 

the incident laser pulses.  When the sample is triggered by a photovoltaic cell, the 

temporal resolution is limited by the reaction time of the cell.  The photovoltaic cell can 

be thought of as a pre-packaged photoconductive switch, thus making it more user-

friendly. 
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4.2 Experimental Results with Photoconductive Switch 
 

 The first ferromagnetic resonance investigations were done to determine material 

constants to be used in micromagnetic simulation.  These results are reported in detail in 

Hiebert et al 52,73 and are merely summarized here.  By measuring the dependence of the 

resonant frequency with DC field and fitting it to the Kittel formula 

)4(
2 sMHHf π
π
γ

+=      (4.1) 

where γ is the gyromagnetic ratio, H is the external DC magnetic field and Ms is 

saturation magnetization of the permalloy, a value for the saturation magnetization was 

measured.  It was found to have a value of 4πMs=10.8kOe.  Then the time resolved 

ferromagnetic resonance curve were fitted with that value of saturation magnetization to 

find the damping constant.  It was found that α=0.008 was the best fit value for the 

curves.  Spatial snapshots of the magnetization were taken at various increments in time, 

in various DC magnetic fields.  The most complex case was that of a circular permalloy 

element 8 µm with a thickness of 100 nm.  It is in a 250 Oe external magnetic field and 

given a transient magnetic field with a large reflection in it.  This reflection makes for a 

more complex interaction, leading to more complex spatial magnetization profiles.  Only 

three spatial images were taken.  They are shown in Fig 4.2.  All three images are after 

the double excitation peak.  The excitation is mostly symmetric from left to right but is 

clearly spatially non-uniform. 

 

4.3 Simulation of these results 
 

Because the system in 4.2 is a relatively simple system with high spatial non-

uniformity, it is a good place to begin with real world tests of the simulation.  It should be 

noted that the sample is relatively large and in order to have comparison results in a 

reasonable amount of time, we are forced to use a two dimensional simulation and cells 

that are larger than the exchange length of permalloy.  Whether or not these lead to  

 90



1100 ps 

1320 ps 

1520 ps 

Figure 4.2  Spatial structure in an 8 micron circle after a “double kick” ferromagnetic resonance excitation.  
Notice spatial richness of excitation.  Top left shows an SEM micrograph of the sample, top right a cartoon 
of spatial and temporal transient magnetic field.   
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1100 
ps 

1320 ps

1520 ps

Figure 4.3  Simulation of 8 micron ferromagnetic resonance with double kick excitation.  256 x 256 cells.  
Agreement appears to be very good. 
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problems are issues that can be further addressed, partially by how well the simulation 

agrees with experiment. 

Initial simulations were done with 256 x 256 cells.  This makes for a cell size of 31 x 

31 x 100 nm.  This is large with respect to the exchange length.  However, at first glance 

it appears to give reasonable results.  The simulation results for this initial comparison are 

shown in Fig. 4.3.   

The experimental spatial resolution is limited to about 700 nm, so features in the 

simulation will be washed out in experiment, but they are in very good agreement.  

Maxima and minima appear in the same places.   

With this positive result we went to smaller cells.  We found that in order to 

reproduce these good comparisons it was necessary to have a spatially varying magnetic 

field as well as one that is temporally varying.  In order to do this, one must accurately 

know the pulse profile in both space and time.  The fact that a good agreement is possible 

with larger cells, but without the spatial variation in the transient magnetic field is an 

interesting result.  This may be partially because the dynamics is mostly driven by 

magnetostatics and exchange energy is only a small correction.  This correction becomes 
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Figure 4. 4 Detailed representation of the spatial and temporal representation of the 
“double kick” ferromagnetic resonance exicitation.  Temporal profile found magneto-
optically.  Spatial profile found with Biot-Savart law.   The circles shows spatial variation 
is the field within the 8 micron disk.  
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less significant with large cells, so less effort must be taken to ensure it is correct.  Thus, 

one can succeed with simulation with an average transient magnetic field (which is 

assumed to be uniform throughout the sample) instead of the actual spatially varying one. 

The pulse’s profile in time can be found magneto-optically 75,76.  At high enough DC 

magnetic fields, the magnetization response to the transient field mimics the transient 

field.  This response can be filtered to remove any small remaining resonance 

oscillations, leaving a transient field H(t) that is accurate up to the cutoff frequency of the 

filter.  This field is spatially non-uniform because it is caused by a coil which is only a 

partial loop and because the sample diameter is not small compared to the diameter of the 

coil.  Using the Biot-Savart law, an effective field as a function of position is calculated. 

A rough sketch of the temporal profile of the pulse is shown in Fig 4.2.  A more accurate 

representation is in Fig.4.4. 

With these tools in place, it is possible to calculate the FMR images with smaller 

cells (512 x 512 cells) as is shown in Fig.4.5.  There was still concern that these cells may 

be too large and this simulation was repeated with 1024 x 1024 cells.  The results of the 

largest simulation (1024x1024 cells) are shown in Fig. 4.6.  These results show that the 

simulation converges to a pretty similar answer with both of the largest two cell sizes.   

In theory, we could run the simulation with arbitrarily small cells to guarantee that 

we have not lost features due to large cell size, but there is a trade off in the amount of 

time it takes to run the program.  Since the simulation scaling is dictated largely by the 

FFT which scales as N log N where the log is to the base 2.  Since the FFT has its best 

performance when the number of cells in each direction is 2n for some integer n, it is 

most feasible to increase the number of cells in the x and y direction both by a factor of 

two in order to try smaller cells.  Assuming the simulation program scales exactly as N 

log N (where the log is to the base 2), this will increase processing time by a factor of 8.  

Thus it can become prohibitively difficult to run a simulation with too many cells.  One 

solution to this is to try parallel computation.  We have only found this moderately 

successful.    With four CPUs an increase in speed by a factor of roughly two (vs. one 

CPU) occurs and adding more CPUs adds little (and depending on the problem can slow 

it down).  The 256 x 256 run takes about 10 hours to complete, the 512 x 512 run about 3 

days and the 1024 x 1024 run takes about 26 days.  Thus, this largest run is too large to  
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1100 ps 

1320 ps 

1520 ps 

Figure 4.5 FMR in an 8 micron disk with a “double kick” excitation.  512 x 512 cells.  In order to keep 
good agreement with experiment, Biot-Savart law is required to calculate a spatially varying magnetic 
field.
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1100 ps 

1320 ps 

1520 ps 

Figure 4.6 FMR in an 8 micron disk with a “double kick” excitation.  1024 x 1024 cells.  In order to keep 
good agreement with experiment, Biot-Savart law is required to calculate a spatially varying magnetic 
field.  Notice how similar it appears to the simulation with 512 x 512 cells. 
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routinely execute, however it is valuable to see that results between it and the smaller 512 
x 512 run are very similar. 
 

4.4 Experimental Results with fast photodiode 

 
Further experimental data was gathered using the setup where the sample was 

pumped using a fast photodiode.  The samples used were 4 µm squares with and without 

a patterned defect at the center of the square.  They are shown in Fig. 4.7.  Montages of  

10 µm

Squares used

Figure 4.7  Optical microscope photo of sample used in photodiode FMR experiments.  The gold 
coil is 20 microns wide with a 20 micron opening.  The 4 micron squares used are inside the coil on 
the right.  The ~ 150 micron pinhole in the center of the rightmost one cannot be resolved. 
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4 micron square in 45 Gauss DC
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Figure 4.8  FMR in a 4 micron square in a 45 Gauss DC field.  Time scan at the center of the sample and 
spatial scans.  First spatial scan frame is taken at t=1900ps.  Each additional frame 120 ps later reading 
across rows from left to right 

 98



65 Gauss 4 micron Square FMR
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Figure 4.9  FMR in a 4 micron square in a 65 Gauss DC field.  Time scan at the center of the sample and 
spatial scans.  First spatial scan frame is taken at t=1900ps.  Each additional frame 120 ps later reading 
across rows from left to right 
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45 Gauss 4 micron square+pinhole FMR
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Figure 4.10  FMR in a 4 micron square with a pinhole in its center in a 45 Gauss DC field.  Time scan at 
the center of the sample and spatial scans.  First spatial scan frame is taken at t=1900ps.  Each additional 
frame 120 ps later.  
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65 Gauss 4 micron square + pinhole FMR
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Figure 4.11  FMR in a 4 micron square with a pinhole in its center in a 65 Gauss DC field.  Time scan at 
the center of the sample and spatial scans.  First spatial scan frame is taken at t=1900ps.  Each additional 
frame 120 ps later. 

 101



.the experimental data are shown in figures 4.8 and 4.9 for the square without a defect.  

4.8 is in 45 Gauss DC and 4.9 in 65 Gauss DC.  The same data for a square with a 

pinhole in its center is in figures 4.10 (45 Gauss) and 4.11 (65 Gauss).  All of these 

figures show the square in the center of the region oscillating in damped resonance.  In 

general, the sample without a pinhole shows “cleaner” oscillations.  The spatial traces are 

also more uniform for the sample without a pinhole.  As a first check of the data, one can 

use the spatially resolved profiles to generate time curves to see if they agree with one 

another.  Pseudo-time traces generated by averaging the central 700 nm region in the 

spatial traces are shown in Fig. 4.12.  These show that this data is internally consistent.  

Times are relative to the start of the delay line, and due to realignments of optics etc. time 

zero moves slightly between some of the runs.  

Ferromagnetic Resonance Curves from Spatial Data
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Figure 4.12 Ferromagnetic resonance curves reconstructed from spatial data.  This shows spatial data 
can reproduce time scans.    

The pinhole in the center of one of the squares can be viewed as a scattering center 

which will serve to disrupt the coherent damped oscillation in the sample.  Thus we 
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should see additional structure in the center of the sample, made up mostly of high 

frequency spin waves.  This structure will be mostly too small for our spatial resolution.  

It appears as a “stripe” around the middle of the sample (where the pinhole is).  We are 

able to detect the presence of a pinhole which is far below the resolution limit of our 

microscope system. 

Simulating this is a test of our micromagnetic simulation program.  We have 

significantly more data in this run to match, and all material parameters keep the same 

values as before. 

 

4.5 Simulation of this data 

 

Micromagnetic simulation is done of 4 µm squares with a 15 nm thickness.  The 

sample is broken up into 512 x 512 cells (thus cells are ~7.8 nm a side).  This data is 

shown in Fig. 4.13 &  4.14 for the DC fields of 45 and 65 Gauss respectively. 

For the most part, the square samples oscillate coherently for the first couple of 

oscillations. This breaks up with time.  Stripes from the top and bottom ends of the 

sample start to appear and travel toward the sample center.  These break up the coherent 

oscillation.  They leave behind them some high frequency oscillations that would be hard 

to spatially resolve in experiment. The stripes that appear in simulation match well 

features seem in experiment. 

Getting good agreement in simulation with a patterned defect in the sample center 

will be quite difficult.  The defect’s exact size and shape will have a strong influence on 

scattering in its proximity, and thus dynamic properties as a whole.  Meaningful 

comparisons have not been run.  With a small round defect feature, the limitations of 

square pixels are exposed.  The central (defect) region of the sample will be pixelated in a 

staircase manner which will produce further artificial high frequency features from the 

pixelation.  In order to fix this problem, the demagnetizing calculation will have to be 

reformulated using circular cells.  This will remove periodicity of the cells and prevent 

FFT’s from being used to speed up the demagnetizing calculation, so it is a significant 

task.  In preliminary attempts to simulate this problem, this high frequency artifact from  
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Simulated 45 Oe Ferromagnetic Resonance
4 micron square
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Figure 4.13  Simulated FMR in a 4 micron square in a 45 Gauss DC field.  Time scan at the center of the 
sample and spatial scans.  First out of plane spatial scan frame is taken at t=33 ps.  Each additional frame 
120 ps later.  Initial state (t=0 s) subtracted from all frames 
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Figure 4.14  Simulated FMR in a 4 micron square in a 65 Gauss DC field.  Time scan at the center of the 
sample and spatial scans.  First out of plane spatial scan frame is taken at t=33 ps.  Each additional frame 
120 ps later.  Initial state (t=0 s) subtracted from all frames 



 

defect pixelation is far to significant to lead to any results which yield any confidence.  

More work is required to accurately model small defects of arbitrary shape.  It is far too  

dependent upon exact pixalation of the defect to be taken seriously.  The effect of a  

defect can be quite significant (see section 5.7) for this problem addressed in a 

magnetization reversal situation- however this defect is several pixels large so pixelation 

becomes a larger issue. 

Comparing ferromagnetic resonance time scans is quite complex.  The frequency 

and envelope of the oscillations can vary with position in a sample.  This requires the 

ability to know the sample position with sub micrometer accuracy to ensure that a 

comparison is valid.  This is shown in Fig. 4.17 where a ferromagnetic resonance 

oscillation curve is plotted from the simulation for several different positions within the 

sample.  The 4 micron square in 65 Oe DC is chosen as an example.  Three different 

regions are chosen to construct FMR curves.  Each region is circular with a 700 nm 

diameter (to simulate a laser spot).  The regions are in the sample centre, displaced along 

.    

Simulated Ferromagnetic resonance 
curves in different 

700 nm circular regions 
within the same sample
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Figure 4.15  Simulated ferromagnetic resonance curves at different points withing a 4 
micron square in 65 Oe DC field.  Each curve averages a 700 nm circular region.  The 
frequency and shape of the curve is dependent upon position within the sample 
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one axis only from the sample centre and displaced along both axes from the sample 

centre.  They each lead to very different FMR curves.  Thus, only the spatial comparison 

offered is going to be valid, without strong control on position within the sample. 

 

4.6 Summary of this chapter 

 
In this chapter, the ferromagnetic resonance problem is introduced.  Experimental 

details for carrying out these investigations are presented.  Experimental results and 

simulation with both a photoconductive switch and a photovoltaic diode are presented.  

The agreement between simulation and experiment shows that the problem is well 

understood.  Care must be taken to properly model small defects of arbitrary shape.  This 

is still an open problem.   It also leads to new insight, such as how the FMR time curves 

are strongly position dependent within the same sample.  This chapter shows that the 

simulation does a good job of capturing dynamics in a low amplitude excitation.  
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5. Magnetization Reversal 
 

Our lab has done a significant amount of pioneering work in spatially resolved 

magnetization reversal experiments using time-resolved scanning Kerr effect microscopy 

(TR-SKEM).  This work has been published in many places.52  This chapter discusses 

specific experiments and attempts to simulate the results.  It concludes with further 

simulations into the effect of various magnetic field configurations, risetimes and defects 

in the sample as explorations of how to modify and control the magnetization reversal 

and exploration of how rich magnetization dynamics can be. 

 

5.1 Experimental Details 
 

The method of time resolved scanning Kerr effect microscopy (TR-SKEM) is 

discussed in chapter 2.  In order to do in-plane magnetization reversal experiments, a 

sample geometry is needed in which a transient magnetic field will be produced that will 

Figure 5.1  Schematic of  current (and associated induced magnetic field) through a stripline.  
Magnetic samples are placed on or near the stripline to be influenced by the associated magnetic 
field. 
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be parallel to the sample.  This can easily be done, by placing a sample on top of a 

stripline through which current will be passed.  This is shown schematically in Fig. 5.1.  

In practice, often a spacer layer of SiO2 is placed in between the stripline and the 

permalloy magnet.  This is to prevent current in the stripline from also passing through 

the magnet itself and leading to a more complicated magnetic field geometry. Choi’s 52,70 

results do not use this spacer layer.  This is a minor correction.  Using Ohm’s Law, one 

can see this 

EJ σ=         (5.1) 

We assume that the electric field E is the same everywhere, which is true when we 

neglect finite size effects in the conductor and the magnet.  Since magnetic fields depend 

on currents and not current densities we will re-write this as 

wtEI σ=         (5.2) 

where w is the width of the layer and t is its thickness.  Typical numbers from our 

samples with gold striplines and permalloy magnets tgold=300 nm tpermalloy=15 nm 

wgold=20 µm and wpermalloy=10 µm.  Using σgold ~ 450 1/mohm•cm 77 and σpermalloy ~ 20 

1/µohm•cm we find a ratio of 900 thousand(!) between the current flowing in the 

stripline to the current flowing in the magnet.  Thus any correction to the total magnetic 

field allowing current to flow in the magnet is very small. 

With sample pumping understood, repeatably resetting the sample to its intial state 

after a pump pulse must also be addressed.  This is done with a permanent magnet which 

has a field large enough to return the permalloy magnet back to its initial magnetization 

state, yet smaller than the magnetic field produced by the pulser that is flowing through 

the stripline.  This geometry is shown in figure 5.2. 

In this chapter, first the example of a 10 x 4 µm element (actual size after outsourced 

optical litho; nominally this element was designed to be 10 x 2 microns and is referred to 

as a “10x2” sample) that has imperfect lithography leading it to be oval in shape is 

discussed.  The case of a 100 Oe DC bias field with a 160 Oe transient reversal pulse is 

first studied.  Then the cases of different bias fields are systematically studied, followed 

by different sample shapes.  All of these will have comparisons between simulation and 

experiment.  In order to begin this comparison, the TR-SKEM result on this sample is 

presented.  In figure 5.3 we show a time traces of Mx, My and Mz versus time for this  
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Figure 5.2  a) Cross-section of microstructure studied.  Permalloy sample is 
spacer layer in between.  b) SEM micrograph of samples on a stripline. c) Bl
we first studied.

 

2

 

b

on a gold l
owup of “1
2

) 

ine with SiO2 
0x2” sample which 

110



time (ns)0 5 10 15

K
er

r s
ig

na
l (

ar
bi

tra
ry

 u
ni

ts
)

Mx

My

Mz

20x5 µm2 1

“10x2” 

z x 
y “B

” 

Hdc = 100 Oe 

M
x 

M
y 

Mz 

3.00 ns     5.50 ns     8.00 ns    10.50 ns   13.00 ns  15.50 
ns 

* First image is at +0.75 ns.  Each following image 
is 0.25 ns later.  One full line represents 2.50  ns.   

-1       +

Figure 5.3  Spot trace and montage data for the “10x2” sample in a 100 Oe field.  There is 250 ps spacing 
between frames.  The front reversal starts on the left and right edges and proceeds in a stripelike pattern.  
The back reversal is more uniform.  Front is driven largely by magnetostatics.  Back is due to averaging of 
stochastic thermal fluctuations over a few different metastable reversal states.  
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sample along with spatial images of all three throughout the reversal process.  Because 

the Mz traces rely on the polar Kerr effect and the Mx and My traces rely upon the 

longitudinal Kerr effect, it is hard to calibrate their relative amplitudes.  As can be seen in 

section 2.3 Kerr effect intensities are quite complicated.   

They depend upon angle of incidence and thus the objective used, therefore, ratios of 

Mz to the other two components are not offered with full confidence.  Also due to angular 

dependence on the strength of Kerr effects, there is some uncertainty assigning absolute 

magnitudes to any component.  Experimentally, one obtains the difference in 

magnetization between the state at the time in question and a reference state (the 

magnetization at t=0 on the time axis chosen in Fig. 5.3).  Thus, the coloring in the Mx 

direction is a false color.  It is calibrated such that the maximal signal in the sample 

center is the saturation magnetization of the sample pointing in the direction of the 

transient field.  The initial zero is the magnetization pointing in the direction of the DC 

field, antiparallel to the transient field.  The zero point is merely the halfway point on this 

colorscale.  In the My and Mz traces, since there is no reason to assume a component in 

either direction, the initial zero point is taken to be zero.  The fact that the signal does not 

return exactly to zero when the sample is reversed implies that this assumption may not 

be fully correct.  It is possible that there is some remnant domain structure in the “zero 

state” of the sample (this question will be addressed further as we look into the 

simulation of the results in section 5.2), or that there is a small non-zero magnetic field in 

the y and/or z directions during the experiment to which the sample is responding, thus 

explaining the non-zero signal in the reversed state. 

 We see that initially, the reversal occurs at the sample edges and propagates into the 

center in a stripe-like instability, that is visible in all three magnetization components. 

The reversal proceeds by pushing to the long edges of the sample.  The difference in rise 

and fall times of the sample is explained by the asymmetry in the magnetic fields 

involved. Note that the back reversal is different from the front one.  The sample “grays” 

roughly uniformly in the Mx direction and there is significantly less signal in the y or z 

directions.  This is a complex scenario that is likely explained in terms of stochastic 

switching processes.  This is a topic that will be developed further in chapter 6.  At any 
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Figure 5.4  Spot trace and montage data for a simulated rectangular 10 x 2 micron sample in a 100 Oe 
field.  There is ~100 ps spacing between frames.  The front reversal starts on the left and right edges and 
proceeds in a stripelike pattern.  The back reversal is similar but has a different periodicity of the stripelike 
structure.     
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rate, these excitations are clearly large angle excitations.  The magnetization direction 

between adjacent cells may vary by as much as 180°.  It is a real test for the same LLG 

equation with the same parameters to reproduce this motion as in the FMR case. 

 

5.2 Simulation attempts 
 

The first simulation attempt was with a rectangular sample 10 x 2 µm (the orignally 

intended size).  We need an initial magnetization state in which the sample is in at the 

beginning of the reversal.  We can calculate an initial state by starting a sample with all 

spins pointing along the long axis and allowing it to relax into equilibrium in the 100 Oe 

DC magnetic field.  Then we can switch it with the 160 Oe pulse antiparallel to it.  The 

pulse is based on the parameters measured from the pulser.  It has a 10.5 ns full width at 

half maximum with a 500 ns rise time and a 1 ns fall time included in the 10.5 ns.  An Mx 

vs. time curve is shown for comparison with the experimental one in Fig. 5.4.  The 

sample is broken into 512 x 128 cells leaving a cell size of 19.5 x 15.6 nm.  There is 

some reason to worry about cells being too large to fully capture the dynamics, but due to 

positive results in the ferromagnetic resonance work (in chapter 4) we will proceed. The 

spacing between spatial images is ~200 ps and resolution is reduced to 128 x 32 pixels 

per frame because it is much easier to handle than the full data set produced by the 

simulation which has sixteen times as many pixels.  Initially, the sample is fully 

magnetized in the x-direction, except for small closure domains at both ends of the long 

axis.  Due to interaction between them, one will be oriented so it is largest on one short 

end of the sample, and the other will be oriented so it is largest on the other short end of 

the sample.  We add to this the finite size effects of the stripline.  There will exist a 

magnetic field in z coming out of the plane on one side of the sample and into the plane 

on the other.  This gradient in magnetic field can be calculated to be roughly linear with a 

value of about 4 Oe/µm.  This can be calculated using the Mathematica program in 

Appendix C, which does Biot-Savart law calculations.  Due to the gradient, both closure 

domains have magnetization pointing in the same direction (this is the so called “S- 

state”).  
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Starting from these closure domains, magnetization begins to propagate toward the 

sample center in a stripelike pattern that is very reminiscent of the Concertina structure 78.  

When the magnetization meets in the middle of the sample, it begins to push toward the 

sample’s long edges, expelling vortices along the way.  The 10 ns reversal pulse is not 

long enough to fully saturate the sample.  Its edges remain somewhat unswitched.  This 

produces nucleation sites for the back reversal, which can happen much more quickly 

over the sample.  There is a stripelike instability also observed along the back reversal 

(especially in the y magnetization), but it is far shorter lived.  This comparison is the 

subject of Ballentine et al.52  Although there are differences, due in part to a different 

sample size and shape from the experiment, there are a lot of similarities.  Further, the 

magnetic field gradient serves to reduce symmetry in the sample.  It is no longer fully 

symmetric from left to right.  The biggest impact of the gradient is to speed up the 

reversal slightly.  By including magnetic fields in all directions that are produced by the 

transmission line, we increase the available energy as we increase the Zeeman energy and 

we provide an out of plane magnetization component which will experience more torque.  

This leads to an increase in reversal speed.  The spatial magnetization patterns are quite 

similar with and without a gradient, although those without gradient ones are slightly 

more symmetric from left to right.  Hiebert’s Ph.D thesis 21 discusses this nearly ideal 10 

x 2 µm reversal simulation (“nearly” ideal due to the existence of the magnetic field 

gradient in the z direction) from a spin wave point of view.  Magnetostatic waves exist 

across the sample and are quite evident in the y magnetization in the spatial frames.   

A better agreement is possible using the actual sample shape.  The sample shape was 

measured with a scanning electron microscope.  It was masked onto an appropriate 

pixelated simulation sample and this simulation was again run.  The agreement here is 

better still.  It is shown in Fig. 5.5.  Because this sample is shaped, and not rectangular, 

the oval sample is shown within a rectangular area.  This forces it to be shown on a 

smaller scale than the 10 x 2 µm rectangles.  This size difference is shown with scale bar 

in the figure. 

The primary difference between the reversal in the shaped sample, when compared 

to the rectangular one, is that the amount of time required to switch magnetization 

directions significantly increases in the shaped sample.  The stripelike instability is still 
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Figure 5.5  Spot trace and montage data for a simulated shaped “10x2” sample in a 100 Oe field.  There is 
~200 ps spacing between frames.  The front reversal starts on the left and right edges and proceeds in a 
stripelike pattern.  The back reversal is similar but has a different arrangement of stripes in the reversal 
structure.    
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Figure 5.6  Selected frames in the experimental and simulation comparison of the “10x2” sample.  External 
field is 100 Oe.  This reversal is incoherent.  The sample breaks up into several stripelike domains.       
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seen, although the positioning of stripes is now somewhat dependent upon sample shape.  

The reversal response starts earlier because there are more closure domains around the 

sample edges since they occur at any point of curvature of the edge, instead of only along 

the two long edges.  This allows for more nucleation sites for the magnetization reversal 

to begin.  The end of the reversal also occurs more slowly because the demagnetizing 

fields from all of these closure regions tend to reduce the local effective magnetic field  

around the sample edges, thus slowing the dynamics.  This curvature of the sample edges 

increases the switching time significantly.  It also reduces the degree of saturation that the 

sample manages to achieve during the 10 ns reversal pulse.  The back reversal is quite 

similar with stripes developing in roughly the same places. 

 

5.2.1 Comparison with experiment 

 

There are strong similarities between experiment and simulation.  To better look at 

this Fig. 5.6 shows the experimental and simulation reversals with several frames side to 

side.  These frames are chosen at the same percentage reversal, though not necessarily at 

exactly the same time.  The issue of reversal rates is discussed in section 5.3.  In this 

reversal, the rates are quite similar.  The comparison shows that the reversal mechanism 

is quite similar along the front reversal.  Both reversals begin along the left and right 

edges of the sample, and develop in a stripelike instability, which call dynamic domain 

stripes and meet the center near the curved edge.  The back reversal, however, behaves 

differently.   Stripes are not as clear (especially in the y and z magnetizations).  In the 

experimental back reversal, the magnetization “disappears” and then “reappears” in the 

reversed direction.  Possibly this is due to a handful of reversals with stripes appearing in 

different positions which average to wash out these features.This shows that the Landau-

Lifshitz-Gilbert simulation is quite successful even in the case of large angle, strongly 

driven excitation.   
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5.2.2 Finite spatial resolution issues 

 

One major discrepancy between simulation and experiment is the finite spatial 

resolution of the experiment.  The data is taken with a 0.75 numerical aperture air 

objective with 0.7 µm resolution.  This means that small spatial features in the simulation 

cannot be captured in experiment.  In order to mimic this, the simulation data is 

convolved with a Gaussian of diameter 0.7 µm and every 16th data point is chosen, in 

order to prevent oversampling.  These results are shown in Fig. 5.7.  The spatial 

frequencies in the simulation are lowered by this process. They now match reasonably 

well to experiment.  The back reversal still does not agree as well, indicating that its 

reversal is different in nature.  Fig. 5.7 shows that the front reversal is very well captured 

by simulation. 

 

5.2.3 Crystalline and thermal effects 

 

Some further differences are due to effects that further complicate the experimental 

case and are not accounted for in simulation.   The simulation does not take into effects 

such as polycrystallinity in the sample and thermal fluctuations of the spin vectors in the 

sample.  We know the sample is polycrystal.  This is shown from transmission electron 

microscope (TEM) snapshots of the permalloy (This is sputtered permalloy which was 

lifted off the substrate when making a patterned film.) such as Fig. 5.8.   It is not possible 

to know the actual polycrystalline structure of our sample.  Even if we did know it, a 

simulation with a sample as big as the ones we have used in our experiments with as 

many crystal grains as would exist, with appropriate shapes and sizes would be 

prohibitively difficult.  Smaller samples are needed in order to solve this problem.  This  

problem could be avoided with a single crystal sample, but thus far none have been 

available.  There are reduced exchange coupling and varying anisotropy axes across grain 

boundaries.  This would pin magnetization in certain regions.  The polycrystalline nature 

of the sample would serve to smooth out and slow down the magnetization reversal.  

Evidence for this pinning is presented in section 5.3.  These crystals further complicate 

the energy landscape giving access to more metastable states in experiment.   
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Figure 5.7  Selected frames in the experimental and simulation comparison of the “10x2” sample.  
External field is 100 Oe.  This reversal is incoherent.  The simulation frames are Gaussian convolved and 
every 16th point is selected to better match the scanning algorithm.  The magnetostatics dominate this 
reversal, leading to a good agreement.      
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Crystallinity further complicates things.  Initially, the crystalline sample will be in a 

state with a “magnetization ripple” 79 in the x-component of magnetization which is 

caused by the magnetization in some crystal grains being misaligned with the external 

field due to differing properties (ie. anisotropy axes) in different grains.  In “saturation” 

the sample is not fully saturated due to this effect.  This allows for some initial torque 

withing the sample.  This likely leads to an earlier magnetization response within the 

centre of the sample, as there are spins which are not perfectly aligned with the magnetic 

Figure 5.8  Transmission electron micrograph of polycrystal permalloy showing 
complex crysal structure with nano-sized crystal grains. 
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field.  This helps to explain why the response of the experiment starts earlier in the 

sample center than it does in simulation. 

Because cell sizes used in simulation are larger than the crystal grains, some of the 

permalloy properties are those of an “effective” medium of several crystal grains and not 

that of single crystal permalloy.  The exchange constant and anisotropy constants used 

are averages over several grains.  In order to attempt a simulation with single crystal 

permalloy, or with cells that were as small as crystal grains, this would have to be 

corrected. 

Metastability is more of a problem in this comparison when thermal fluctuations are 

not taken into account, but the experiment is done at finite temperature.  Because the 

experiment is done at room temperature, there will be Brownian motion of the 

magnetization vectors within the sample.  This is addressed in chapter 6.  Random 

thermal fluctuations of the magnetization vector can be added by solving the Fokker-

Planck equation.80  In the real world experimentation, since it is stroboscopic, only the 

repetitive portion of the dynamics is captured.   The reversal would have to be simulated 

many times with different thermal fluctuations and averaged to give a “stroboscopic” 

signal.  Unfortunately, this is prohibitively hard to do with a sample as big as this one.   

Thermal fluctuations will serve to average out stroboscopic signals.  They make 

magnetization curves look more exponential after averaging.  When lots of metastable 

states exist, this wash out features in the experimental sample.  This appears to be what is 

seen on the back reversal in the experimental sample.  This is understandable because the 

sample is driven by 60 Oe on the back reversal (vs. 100 Oe on the front). It will be more 

strongly pinned, and it will have more metastable reversal paths that may become 

stroboscopically averaged.   
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Figure 5.9  Vector maps of “10x2” front reversal.  The arrows represent the direction of M and their 
length its magnitude.  Grey scale also shows magnitude of M.  Where it is darkest grey, M is reduced due 
to averaging of simulation of finite spatial resolution of experiment.
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Figure 5.10 Line-scans and line scan averages vs. time (x-component) for “10x2” permalloy element as a 
function of DC magnetic field.  A similar envelope “V” or “U” shape is seen in both experiment and 
simulation.  In both cases the onset is later and the reversal time is longer with lower driving field.  At 
higher driving field both agree well.  At lower driving field, simulation is faster.  This implies pinning of 
domain walls etc. on crystal boundaries in experiment. 
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5.2.4 Vectorial representation 

 

We have enough information in the previous figures to represent the experimental 

magnetization profile in a vector map and enter the realm of “experimental 

micromagnetics”, in the sense that experiment can produce results that are directly 

comparable to that of micromagnetic simulation.  The problem of calibrating the polar 

and longitudinal Kerr effects can be neglected, as almost all of the action occurs in the xy 

plane and is captured by the longitudinal Kerr effect.  Because of spatial averaging, some 

vectors will be significantly shortened from the saturation magnetization length.  A 

comparison of the rising switch (with best agreement) is shown in a vector map in Fig. 

5.9.  A greyscale in the background indicates where the magnetization vector is reduced 

in length due to spatial averaging.  This also occurs in the simulation because the 

Gaussian blurred data is used for this comparison.  Both of these vector plots show 

vortices that enter and are expelled from the sample in similar places along the sample 

top and bottom edges (reminiscent of Bertram and Zhu 57 ). 

 

5.3 Magnetization Reversal with other DC fields 
 

We can now investigate magnetic reversals with varying DC fields in order to see 

the effect of driving field on the reversal process.  We look at “x-t” data across the 

sample to get an idea of what is going on.  Due to symmetry of the sample, one only 

needs to take data on one horizontal spatial line across the sample and scan it in time.  

This is far more telling than one spatial spot on the sample.  Experimental and simulation 

comparisons are shown in Fig 5.10.  The line scan average curves show relatively similar 

features.  There tends to be a fast rise or fall in magnetization when the driving field is 

large and a much slower one under a smaller driving field.  When driving fields are low, 

the increase or decrease in magnetization is not smooth, there can be bends in the 

magnetization curves.  Some of the extra “noise” in the experimental curves may be 

thermal fluctuations in the sample, leading to small changes in magnetization even when 

the external magnetic field is constant. 
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Looking at the x-t scans, we can see further agreement.  A reversal always happens 

first at the edges of the sample and happens later in the sample middle.  This is shown in 

the U or V shaped envelopes of the reversal data on both the front and back slopes.  

There are similar notches (spatial stripes) along both the experiment and simulation.  

These appear to be long wavelength standing spin waves which are magnetostatic in 

origin 34 . 

The most telling difference is the sharpness of switching that occurs.  In simulation 

the switch may take a while in a low driving field (i.e. front slope at 130 Oe DC field), 

but when it does occur, it is a complete switch.  In the experiment the switch is not as 

sharp.  Metastability enters the picture.  The experimental sample is more metastable due 

to crystallinity, possible non-magnetic defects, variation in the thickness, and other things 

that will serve to make the energy landscape more complex.  When thermal fluctuations 

are also considered, a more complex energy landscape will lead to non-repetitive 

switching.  Even worse, it may lead to non-repetitive initial conditions for each reversal.  

All this will tend to reduce the sharpness of the switch in the experimental data.  This 

difference is most telling in the experimental data when the driving magnetic field is 

small.  A larger magnetic field will be able to reduce the effects of these imperfections in 

the experimental sample. 

This is consistent with the line-scans.  The switches occur at similar rate in high 

driving fields but are slowed in lower fields, due in part to pinning in the sample.  In 

experiment, when the sample becomes highly metastable, the dynamic domain structure 

of the reversal is washed out and magnetization vectors shrink significantly.  This is what 

is seen in the back reversal.  The crossover from repeatable reversals to metastable ones 

with this sample appears to occur with driving fields around 85 Oe. 
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This can be more clearly seen by looking at the switching times shown in Fig. 5.11.  

Switching times are defined here as the time a sample takes to go from 20% reversed to 

80% reversal.  These values are chosen because they tend to be within the fast rise on the 

switching curves.  Similar results are seen with other definitions of switching time, as 

long as they avoid the slow exponential rolloff near saturation that occurs often in 

experimental traces.  For higher driving fields (below about 100 Oe DC on the front 

reversal and above 80 Oe DC on the back reversal), the switching times agree well.  

Discrepancy occurs for lower driving field, where pinning is more significant.  On the 

front reversal, the simulated switching time is larger than the experimental one for low 

driving fields.  This suggests that imperfections in the experimental sample, such as 

crystal boundaries, provide extra nucleation sites allowing the reversal to proceed faster 

at the center of the sample.  On back reversals, the experimental sample switches faster.  

This is because the same imperfections that slow the front reversal prevent the sample 
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Figure 5.11   Rise and fall times for magnetic reversals in both experiment and 
simulation.  Times are defined as the time to go from 20% to 80% reversed.  Good 
agreement in high driving fields.  Discrepancy in low driving fields where pinning 
becomes significant 
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from reaching a fully saturated state, so it does not take as long to switch back.  

Presumably, metastability in switching also occurs in these cases. 

 

5.4 Magnetization Reversals with other sample shape 
 

Further investigations were done with a sample 7.7 x 16.5 µm (“6x15”) sample with 

a long axis perpendicular to the external field direction.  Experimental traces and 

snapshots are shown in Fig. 5.12.  The experimental snapshots only show part of the 

structure because the piezo range is too small to scan the whole sample.  The simulation 

traces and snapshots are in Fig. 5.13.  It is obvious that this reversal occurs by different 

mechanisms than the dynamic domain reversal we saw in the “10x2” sample.  First we 

will focus on the back reversal.  In both cases it occurs quickly and oscillations are seen 

in the y and z magnetizations.  There is also a hint of some oscillations present in the x 

component which are washed out due to temporal jitter in the measurement and “lost” in 

the large switch in magnetization of the sample.  The precession in the x component is at 

twice the frequency of the precession in y or z component.  In the yz plane, the 

oscillations in y are out of phase with those in z.  The spin points in the positive z 

direction, then the negative y, then negative z and finally positive y directions before 

repeating.  However, in the x direction, when it switches it only points in one direction in 

x so it will produce maxima in x twice during each rotation.  It will produce maxima as it 

passes through zero along the y axis and once as it passes through zero along the z axis.  

This is a near-ideal precessional reversal.81  This can better be seen with vector images 

that are shown in Fig 5.14 for experiment and Fig 5.15 for simulation.   
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Figure 5.12  Spot trace and montage data for 7.7 x 16.5 micron element in 100 Oe field.  The differing 
aspect ratio from “10x2” sample leads to more oscillatory behavior.  
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  Figure 5.13  Simulated magnetization reversal of 7.7 x 16.5 micron sample in 100 Oe.  The differing 
aspect ratio than the “10x2” sample leads to more oscillatory behavior 
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Figure 5.14  Experimental back reversal of “15x6” sample cast into a vector map to better show the 
coherent rotation.  Top left corner shows path of the magnetization vector in the sample center as it rotates 
coherently.  There is uncertainty calibrating strengths of out-of-plane signal to in-plane signal.  This is 
ignored and raw signal strengths are plotted.
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 Figure 5.15  Simulated back reversal of “15x6” sample cast into a vector map to better show the coherent 
rotation.  Top left corner shows path of the magnetization vector in the sample center as it rotates 
coherently.  Because of the problem calibrating the relative strengths of in and out of plane Kerr signals in 
experiment, Z signal is multiplied by 5 in this rendering to better match the experimental data. 
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There is some uncertainty in how large the z component of magnetization should be, 

since it relies upon polar Kerr effect instead of longitudinal effects.  In this comparison, 

the experimental data is used “as is” and the z component in the simulation is multiplied 

by five to roughly mimic the increased sensitivity to the polar Kerr effect.  In both cases a 

precessional reversal 82 is seen.  A precessional reversal is a half cycle of uniform 

ferromagnetic resonance rotation.  A transverse magnetic field pulse will send the 

magnetization out of plane.  An out-of-plane demagnetizing field is then created, around 

which the magnetization in the plane can precess. 

There is discrepancy on the front slope of the reversal, where the coherent 

oscillations in the experimental sample are less evident.  Since the driving field is 60 Oe 

on the front slope and 100 Oe on the back slope, the main reason for this discrepancy  

increased metastability leading to increased importance of thermal fluctuations. 

 

 
Figure 5.16 10x2 micron sample in 100 Oe DC with 160 Oe reversal pulses of varying rise times.  There is 
significant difference in the dynamics in the intermediate states by changing only pulse risetime.   
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5.5 Magnetization Reversals with different switching field risetimes 
 

A fundamental issue throughout this work is the fact that these reversals are 

dynamic.  Quasi-static magnetization reversals have been studied extensively in the 

1950s and 1960s (Doyle 20 gives a good summary).  This work tends to neglect the 

gyrotropic nature of the magnetization vector and, thus, only look at the magnetization in 

equilibrium states during the reversal.  Of course this begs the question of how it gets 

from one equilibrium state to the next.  In this work, the motion is assumed to be quasi-

static, only out of equilibrium by an infinitesimal amount at any given time.  It is the non-

equilibrium nature of dynamic motion that makes this work new and interesting.  Just 

how different quasi-static and dynamic reversals are is a somewhat open question that 

can be addressed by simulation.  Using a rectangular 10 x 2 µm sample we can run 

simulations with different rise times of the switching magnetic field.  These results are 

shown in Fig. 5.17.  The rise time of the reversal pulse is varied. Like the experiment, the 

sample is held in a field of 100 Oe, and a 160 Oe reversal pulse that is antiparallel is 

applied to switch it. Runs are done with switching field risetimes of 500ps, 1.25 ns, 5.0 ns 

and 16.0 ns.  Naturally, the switching time is dependent upon the rise time of the reversal 

pulse (i.e. it takes longer than the length of the reversal pulse to switch).  States are 

compared by percentage reversal and not time.  It is clear that with different rise times, 

the sample will attain different magnetization states.  With fast enough switching, the 

switch nucleates at the demagnetized ends of the sample and propagates into the sample 

center in a stripelike pattern.  It meets in the sample center and then pushes out to the 

short edges of the sample.  When there is sufficiently slow switching there is time for 

nucleation in the center of the sample to occur.  It occurs first as a continuation of the 

stripelike spin wave pattern.  Energetics in the center of the sample can be quite complex.  

The pattern in the sample center is very dependent upon exactly how it nucleates.  This 

difference could easily be detected in a TR-SKEM experiment as long as it is repetitive.  

There is concern that because the energetics are so complex, there may be metastability 

that will make this detection more complicated.  It is clear that there are noticeable 

differences between quasi-static and dynamic reversals. 
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5.6 Magnetic reversal with different orientation of transient and DC 

fields 
 

The dynamic domain reversal that we see in most of these reversals is a consequence 

of the fact that initially there is no torque on most of the sample.  M x H is zero when M 

and H are anti-parallel, so the reversal is driven mostly by magnetostatics starting from 

the two end closure domains.  This situation can be avoided by providing a transient field 

which is not completely anti-parallel to the DC field (and thus the initial magnetization).  

This will speed up the reversal, making it more of a precessional reversal.  An example of 

this is shown when the transient field is canted so that it is 150° with respect to the DC 

(as opposed to 180° in the anti-parallel case) in Fig 5.17.  This rotation is quite coherent.  

Large oscillations in the magnetization are seen.  When the field mismatch is 10°  (170° 

canting), the oscillations are gone, but the spatial pictures show that the reversal is much 

more of a coherent rotation.  This is shown in Fig. 5.18.  When the field mismatch is 5° 

(175° canting), the spatial pictures reveal that the sample breaks up into stripelike 

domains that reverse both clockwise and counterclockwise.  There is still a  significant 

difference between the 5 degree mismatch and zero mismatch as a non-reversed domain 

remians trapped in the sample centere and takes a long time to reverse.  The rotation 

becomes much more incoherent (as is the case with zero field mismatch. seen in section 

5.2).  These examples show that by merely varying the angle between the field, wide 

changes in behavior are possible.  Combining these effects with varying rise times and 

varying sample shapes provide a huge range of magnetic reversal behavior that can be 

studied.  Some experimental exploration into this area is provided by Choi et al 52,70 . 
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Figure 5.17  Simulated magnetization reversal of 10 x 2 micron sample in 100 Oe with a 160 Oe reversal 
pulse directed 30 degrees from anti-parallel.  A coherent rotation occurs due to the hard axis pulse breaking 
symmetry 
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Figure 5.18  Simulated magnetization reversal of 10 x 2 micron sample in 100 Oe with a 160 Oe reversal 
pulse directed 10 degrees from anti-parallel.  Rotation is more coherent but oscillations are not seen. 
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Figure 5.19  Simulated magnetization reversal of 10 x 2 micron sample in 100 Oe with a 160 Oe reversal 
pulse directed 5 degrees from anti-parallel.  Rotation is more incoherent.  Striplike domains are seen. 
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5.7 Magnetic reversal in samples with defects 
 

The effect of a defect can also be checked with simulation.  One or more cells within the 

sample can be masked such that they have a saturation magnetization that is zero or less 

than the saturation magnetization in the rest of the sample.  One defect can have 

significant effect on the magnetic reversal in the sample.  This will be shown through 

several examples.  The 10 x 2 µm sample is simulated again with a 1 cell defect in the 

center, a 1 x 3 cell defect in the center, a 3 x 3 cell defect in the center and two 1 cell 

defects at thirds along the center line of the long axis.  These can have significant effect 

upon reversal rates.  A graph of this is shown in Fig 5.20.  Larger defects tend to have 

closure domains around them, which can serve as nucleation sites during the reversal, 

thus reducing the pinning effect of the defect.  Smaller defects are not large enough to 

create closure domains and merely pin magnetization around them, thus the simulations 

with one cell defects are the slowest to reverse. As defect size becomes small when 

compared to the exchange length of the material, this trend probably reverses, as the 

defect is less significant.  The simulation code is not capable of exploring that scale with 

samples of that size, so that remains speculation. This is a possible explanation for the 

simulation reversals being faster than the experimental ones.  The experimental ones may 

have small defects.  These defects may not be points where magnetization is zero as in 

these simulations, but there may be a significantly reduced magnetization in these regions 

of the sample.  This would serve to slow magnetization reversal as well as complicate the 

energy landscape.  Adding defects is yet another variable that can be explored in 

magnetization dynamics experiments. 
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Figure 5.20  Simulated magnetic switches of  various 10x2 micron samples in 100 Oe DC with patterned 
defects.  Defects slow reversal, due to pinning. 
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1024 x 256  cells

 

512 x 128 cells

Figure 5.21  Simulated initial switch of magnetization reversal of 10 x 2 micron sample in 100 Oe with a 
160 Oe reversal pulse with smaller cells (1024 x 256 cells) compared to the switch with 512 x 128 cells.  
Since this is very similar to previous simulations, we have confidence cell size is not an issue.  
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5.8 Cell size test 
 

These reversal simulations have all used cells approximately 15 nm in size.  Since 

this is larger than demagnetizing exchange lengths, there is concern that it may not be an 

accurate result.  Its correspondence with experimental results puts this issue somewhat to 

rest, however repeating a simulation with even smaller cells and finding the results to be 

almost identical is more convincing.  The 10 x 2 µm reversal is repeated with 1024 x 256 

cells (making for cells of dimension 9.77 x 7.81 nm).  This is shown in Fig. 5.21.  It looks 

very similar to the previous simulation in Fig. 5.4 with larger cells.  Thus we can 

conclude that cells used in these simulations are small enough to capture the dynamics.   

 

5.9 Energy in Magnetic Reversal 
 

With these simulation and experimental results, it is possible to analyze the various 

energy terms during the reversal.  We will look at the 10 x 2 µm reversal that has been 

studied before.  Fig. 5.22 shows the major energy terms, exchange, demagnetizing and 

Zeeman in this reversal (Since anisotropy energy, averaged over the whole sample, does 

not change much during the reversal it is omitted from this graph.).  The simulation with 

1024 x 256 cells is used to generate this graph.  During the changes in magnetic field, 

there is a large spike in the total energy of the sample, and in its components.  This 

energy is dissipated quickly due to damping.  Because it is in a different magnetic field, 

the sample will come to a different equilibrium in energy during the magnetic field pulse, 

than when it is in outside of it.  When the pulse is removed, the sample returns to its 

initial energy values.  There is not enough spatial resolution in the experiment to make a 

meaningful energy plot.  Both the exchange and demagnetizing energy will be 

significantly underestimated because the higher frequency magnetization changes are 

lost. 
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Figure 5.22    Energy plot during 10x2 micron reversal.  Energy terms peak when external 
magnetic field changes and damp back to equilibrium afterward.  In this plot the zero point is 
chosen arbitrary so that initial state has zero energy. 

 

5.10 Summary of this Chapter 

 
In this chapter the magnetization reversal problem is explored.  Experimental results 

and micromagnetic simulations of several problems are introduced and compared.  The 

details of the experimental time resolved scanning Kerr effect microscopy (TR-SKEM) 

method is reviewed and the sample geometry is discussed.  Experimental results of an 

incoherent rotation in a magnetic reversal in the “10x2” sample are given as well as the 
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micromagnetic simulation of the same problem. The issue of the differing spatial 

resolution between experiment and simulation is addressed.  The reversal is cast into a 

vectorial representation, showing the full power of the experimental micromagnetic 

techniques and the detailed experimental comparisons that are possible.  Reversal results 

in other magnetic fields are shown to help give a systematic understanding of the 

problem.  Data from other sample shapes are presented, showing coherent rotation is 

possible by merely changing geometry.  Through simulation, reversal with different 

risetimes of transient magnetic fields are addressed, highlighting the dynamic nature of 

these reversals.  Simulation results with different orientation of magnetic fields are 

presented.  These too can dramatically effect reversal.  Dramatic risetime differences are 

found by adding non-magnetic defects into the sample, further highlighting the range of 

possibility in magnetization reversal.  As a test of these results, the 10 x 2 µm incoherent 

rotation simulation is repeated with smaller cells to give very similar results.  This data is 

used to plot the various energy terms as a function of time during a reversal.  This section 

shows the complexity of magnetization reversal, in that minor changes of many 

parameters can dramatically effect results.  It also shows that despite these issues, good 

correspondence between experiment and simulation has now been achieved in some 

cases. 
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6. Thermal Fluctuations 

 
The biggest assumption in any stroboscopic experiment such as a TR-SKEM 

experiment is that the dynamics are repeatable from event to event.  Does this assumption 

hold in micromagnetics?  The Landau-Lifshitz-Gilbert (LLG) theory as presented in 

chapter one is fully deterministic, but reality is not so simple.  The largest reason for non-

deterministic, non-repeatable behavior in micromagnetic systems is thermal fluctuation of 

the magnetization vectors within the sample.  The experiments occur at room 

temperature, although this is far below the Curie temperature of permalloy (869 K), 

thermal energy is large enough to affect dynamics.  In this chapter, we present the 

Fokker-Planck theory of thermal fluctuations and use it to calculate the statistical 

properties of fluctuating magnetization vectors necessary for micromagnetic simulation 

with thermal fluctuation of magnetization vectors taken into account.  We show 

preliminary tests of the thermal fluctuation simulation code and show examples of 

stochastic behavior in simulation.  Scaling behavior of the thermal code is discussed to 

show that it is not practical to run simulations that are larger than a couple of micrometers 

big. Unfortunately, no statistical analysis of thermal switching in a 10 x 2 µm sample is 

possible at this time. 

 

6.1 Theory of Thermal Fluctuations 

 
Thus far we have assumed that micromagnetic dynamics is purely deterministic.  

This is rarely true.  The system is often not in equilibrium and rarely proceeds exactly as 

proscribed by the LLG equation along the least energy pathway.  The magnetization 

vectors oscillate due to thermal energy.  This fluctuation is orders of magnitude faster 

than the micromagnetic dynamical motion.  Because of this, it can be treated as a 

stochastic noise term added into the LLG equation. 

Stochastic activation is introduced as a thermal magnetic field Hth which is added to 

the effective magnetic field.  It accounts for all thermally driven interactions of the 

magnetization vector with phonons, conduction electrons, nuclear spins, etc. and, thus, 
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has many degrees of freedom.  These interactions can also be responsible for damping 

since these fluctuations of the magnetization vector can lead to magnetization energy 

being dissipated in the environment.  This treatment of thermal fluctuations roughly 

follows Scholz.83 

Since there are a large number of microscopic degrees of freedom in this 

mechanism, the thermal field can be assumed to be a Gaussian random process with zero 

mean. 

0)(, =tithH        (6.1) 

This means that the thermal field on average vanishes in each direction.  A much 

more involved calculation is required to calculate the variance of this distribution.  We 

will assume that each Cartesian component of the thermal field is uncorrelated both in 

space and in time.  On the time scale we are sampling the thermal field, this is likely a 

very good approximation.  We can write the variance for now as 

)(2)(,)(, ttijDtjthHtithH ′−=′ δδ     (6.2) 

Here D is a constant that we have not yet determined.  The Kronecker δ expresses 

the fact that different components of the thermal field are uncorrelated, and the Dirac δ 

shows the fact that the autocorrelation time of the thermal field is much shorter than the 

response time of the system, and, thus, it can be viewed as uncorrelated in time.  Hence, 

this is a source of white noise. 

 

6.1.1 Gaussian White Noise 

 
Since it is assumed that thermal activation processes are of a much higher frequency 

then the sample response time (precession frequency of the magnetization vector), the 

fluctuating field used to simulate thermal activation is a stochastic process.  Any 

stochastic process of zero mean with a two time covariance function given by  

0)( =tη   )(2)()( τδστηη =+tt     (6.3) 

where η is the stochastic variable, is called Gaussian white noise.  This is because the 

Fourier transform of the stationary two time covariance function is 
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      ∫ =+= 2)()()( σωττηητω iettdF     (6.4) 

which is independent of frequency. 

 

6.1.2 Stochastic Integrals 

 
Integration of stochastic processes is somewhat mathematically complex.  The 

theory is covered in books such as van Kampen and Gillespie.84  As an example, let us 

consider a one dimensional stochastic differential equation with multiplicative noise. 

(This is a simplified version of the Langevin equation.) 

)()),(()),(()( tttXbttXa
dt

tdX η+=     (6.5) 

Thus, the increment dX during a short time interval dt is given by 

∫ + ′′′′+= dtt
t tdtttXbdtttXatdX )()),(()),(()( η    (6.6) 

The second term is a stochastic integral and needs to be looked at in more detail.  We can 

evaluate the integrand at the beginning of the interval [t, t+dt] and multiply it by the 

length of the interval dt and use this result as the increment for dX  

 However, we could also evaluate the integrand at any other time t+βdt in the 

interval [t,t+dt].  Hence β is on the interval [0,1].  Then the mean value of X is given by 

)()()()()1()( tdXtXdttXtXtX βββ +=++−=   (6.7) 

In this general case dX is given by 

dttttdXtXbdtttXatdX )()),()(()),(()( ηα ′++′=   (6.8) 

We can Taylor expand the second term to get dX(t) 

dttttXbdttttXb
X

ttXbttXatdX )()),(()(2)),(()),(()),(()( ηηβ +





∂
∂

+=  (6.9) 

Depending upon the choice of α we get different drift terms.  If we set β=0 we get the Ito 

interpretation of the stochastic differential equation. 

dttttXbdtttXatX )()),(()),(()( η+=    (6.10) 

For β=1/2 we get the Stratanovich interpretation. 
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∂
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+=  (6.11) 

Thus, we have to be careful to distinguish between the interpretation of a stochastic 

differential equation.  Different versions can, in principle, give different dynamical 

properties.  In this work, the Stratanovich interpretation is selected because it gives the 

appropriate noise properties.  The white noise in our case is actually an idealization of a 

“colored” noise in which the two time covariance function is given by 

τστηη
m

e
m

tt
−

=+
2

2
)()(      (6.12) 

with a short time constant 1/m.   

The Wong-Zakai theorem 85 states that in the Stratanovich interpretation, as m → ∞ 

this colored noise becomes white.  Therefore, in most physical applications, Stratanovich 

calculus is preferred. 

This example with the Langevin equation is not a truly trivial example, as the LLG 

equation with thermal noise can be written as a form of the this equation.  The stochastic 

LL equation (the Landau-Lifshitz version is used because it is easier to isolate the 

functions Ai(M,t) and Bik(M,t) at the end of the derivation we return to LLG) is 

))(()( thHeffHMMthHeffHMM
+××

′
−+×′−=

sMdt
d γαγ  (6.13) 

This can be rewritten (in component form) as  

)(,),(),( tkthHtikBtiA
dt

idM
MM +=   (6.14) 

where the functions Ai(M,t) and Bik(M,t) are defined as 

isM
tiA












××

′
−×′−= )(),( effHMMeffHMM γαγ   (6.15) 

)2(),( MikkMiM
sMjMijktikB δγαεγ −
′

−′−=M  

where we are using the Einstein summation convention and εijk is the Levi-Civita symbol.  

Thus we have written the stochastic LLG equation as the general form of a system of 

Langevin equations. 
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6.1.3 Fokker-Planck Equation 

 
The Fokker-Planck equation describes the non-equilibrium probability distribution 

P(M,t) of a set of Langevin equations.  It is one method to obtain the variance of the 

thermal fluctuations required for micromagnetic simulation.  In the Stratanovich 

interpretation the Fokker-Planck equation is given by 
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Any probability distribution calculated will have to be normalized by the requirement that 

.   ∫ = 1Pdt

We can transform eqn 6.16 into a continuity equation to get 
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Substituing the results from the stochastic LLG equation (eqn 6.15) we find  
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Thus the second term on the right hand side of the equation is zero.  The third term is 
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Thus our version of the Fokker-Planck equation is     
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The first two terms are dynamical terms from the original LLG equation and the third is 

an additional term due to thermal fluctuations.  We will only look at this term for now.  
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After a vector identity this is 
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In the case that the sample is in equilibrium except for thermal fluctuations, M is nearly 

constant.  Therefore, even though P is a function of M, it can be assumed to be roughly 

constant for fluctuations near equilibrium.  Thus the equation simplifies to 

PD
t
P






 +′−=

∂
∂ 2122 αγ      (6.24) 

The solution to this equation is 

tDCeP )21(22 αγ +′−=      (6.25) 

and we have an exponential with a time constant (called the Neel time). 

)21(22

1

αγ +′
=

DNt        (6.26) 

We must ensure that the stationary properties of the stochastic LLG equation and the 

statistical properties of the thermal field coincide with the appropriate properties in 

thermal equilibrium.  We must have the stationary state solution of the Fokker-Planck 

equation correspond to the Boltzmann distribution. 

kT

VeffMH

eoPMP
−

=)(       (6.27) 

So we can get 
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We need to look at the stationary Fokker-Planck equation   
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We can look at the first term in this equation as 
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One component of the vector triple product is 
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Thus, this term is zero, so the Fokker-Planck equation with the stationary solution 

becomes 

( ) ( )P
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Hence, the coefficients must be equal. 
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Hence we get 

)21( αγ

α
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sVM

kTD       (6.34) 

Recalling the definition of γ′ (Thus, we return to the LLG equation.), this is 

sVM
KTD

γ
α

=        (6.35) 

So the correlation of the thermal field is thus 

 )(2)(,)(, ttij
sVM

KTtjthHtithH ′−=′ δδ
γ
α    (6.36) 
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This result could also be obtained from the fluctuation dissipation theorem.86 Therefore, 

we now have the variance in the thermal field. 

 

6.2 Preliminary runs of Thermal Code 

 
The first thing to do with thermal code is to devise a test to ensure that it is working 

properly.  The main problem is that thermal fluctuations introduce a stochastic element 

into the simulation and thus can only be tested statistically.  Therefore, several events are 

necessary, with statistical properties being checked.  One test that will give some idea of 

how well the code performs is to compare its results to those predicted by the Arrhenius-

Neel Law.  This law is simple.87  It states that for a particular small sample the 

magnetization will fluctuate around an energy minimum.  From time to time reversal 

processes will occur when the magnetization crosses the energy barrier and switches to 

the other energy minimum.  The probability per unit time that the magnetization jumps 

over the energy barrier in thermal equilibrium is given by the Boltzmann distribution and 

is proportional to: 
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If we consider a single energy barrier model in a square sample (thus only crystalline 

anisotropy creates the energy barrier), then the reciprocal of the switching probability is 

the relaxation time τ and can be written in the form of the Arrhenius-Neel law 
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      (6.38) 

where fo is a characteristic dynamic frequency which is a material parameter. 
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The only barrier to thermal switching comes from the sample’s induced anisotropy 

magnetic field.  In order to make the number of thermal switching events manageable, it 

is necessary to increase the anisotropy magnetic field of the sample from its experimental 

value of 8.6 Oe (in our permalloy), by a factor of ten, to 86 Oe.  This makes the energy 

barrier more significant, thus reducing the number of switching events.  With lower 

anisotropy, the sample switches so frequently that it is almost always switching.  Then 

the time spent in either the switched or unswitched state is only dependent upon the 

gyromagnetic properties of the sample, as it would be continuously switching.  The 

sample for this trial is chosen to be a square sample, so as to remove shape anisotropy.  It 

is 32 x 32 nm and 4 nm thick.  It is broken up into a grid of 8 x 8 cubic cells.  The sample 

is in zero external field and left only to thermal fluctuations at 300 K to provide dynamic 

motion.  It will have two metastable equilibria.  One with magnetization directed along 
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Figure 6.1  Arrhenius-Neel test of thermal fluctuation code.  32 x 32 nm sample is at 300 K 
with no external field is left to switch thermally to test the stochastic nature of switching in the 
micromagnetic code. 



the positive easy axis (x axis) and one with magnetization directed along the negative 

easy axis (- x axis).  It will randomly switch back and forth between these states 

according to the Arrhenius-Neel Law.  A plot of such a run is shown in Fig. 6.1. 

In order to analyse this plot, one must define what it means to “switch”.  In this 

section, a switch will be defined as any time that the sample goes from a value of Mx/M = 

0.75 to Mx/M=-0.75 or vice versa.  This removes from consideration times when a 

sample may partially switch, but return to its initial equilibrium without completing a full 

switch.  By this switching definition, there are 10 switching events in this simulation.  It 

is interesting that many of the switching events happen in relatively quick succession 

after one another.  Presumably, these are times when the sample has lots of excess energy 

which has not yet had time to be damped from the system.  There is an average  of 6620 

ps spent in either the switched or unswitched state in between switching events in this 

simulation.  Sticking this value in eqn. 6.38, fo is found to be 2.5 * 1011 1/s.  This value 

compares well with the values in Scholz 82 . 

 

6.3 Magnetization Reversal with Thermal Fluctuations 
 

In order to test the effects that thermal fluctuations can have in a magnetization 

reversal, a simulation can be run upon a case where there is high metastability because 

driving fields barely exceed coercivity.  One such situation is the case of a 1 µm x 200 
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Figure 6.2  16 magnetization reversal with thermal fluctuation runs at 300 K.  Sample is 
1000 x 200 x 15 nm.  Sometimes sample switches, and sometimes it doesn’t.  Sometimes 
sample switches back, and sometimes it doesn’t.  Sometimes it starts from an already 
switched state.  Even when it does switch, there is a wide range in switching times. 
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nm x 15 nm permalloy sample broken up into 64 x 16 cells in a two dimensional 

simulation.  The sample is in a 300 Oe DC magnetic field, with a 580 Oe antiparallel 
transient switching field.  A plot of 16 runs under these conditions is shown in Fig. 6.2. 

A wide range of switching behaviours is seen.  Sometimes the sample switches under 

the transient pulse; sometimes it does not.  Sometimes it switches back when the transient 

pulse ends; other times it does not.  Sometimes it begins in an unswitched state, because 

it had not switched back on the previous pulse.  Even when the sample does switch, the 

time it takes to switch may be widely varied from one event to the next.  This trial shows 

how important thermal fluctuations can be when the sample is in a highly metastable 

situation.  If we average these runs, and the associated spatial images, we see what would 

theoretically be seen in a TR-SKEM experiment, if thermal fluctuation is the only source 

of non-repetitive motion.  An average of these runs is shown in Fig. 6.3. 

Figure 6.3 The 13 runs in the previous figure that started from an unswitched initial 
state.  The average magnetization profile is the solid line.  Dotted lines show extreme 
cases of a switching and non-switching run.  Inset is three pictures showing average 
spatial images.  Features are not as sharp due to stochastic averaging.  This causes an 
apparent drop in spatial resolution.    
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Figure 6.4  Reversal in a 1 µm x 200 nm sample with thermal fluctuations.  Symmetry is broken, but there 
is still evidence of a stripelike instability and incoherent rotation.
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Figure 6.5 Reversal in a 1 µm x 200 nm sample with thermal fluctuations.  Symmetry is broken, but there 
is still evidence of a stripelike instability and incoherent rotation.  In this case, the back reversal nucleation 
is significantly delayed. 
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 Thermal fluctuations serve to increase the switching time of a stochastic average 

over that of a single event.  They serve to reduce the change in magnetization observed, if 

the sample remains unswitched on occasion.  They cause an apparent reduction in spatial 

resolution in spatial images because what is imaged is an average of several different 

reversals. 

In order to get an idea of what variation may occur in different reversals where 

thermal fluctuations dominate, a couple of these thermal runs are presented.  In Fig. 6.4, 

one reversal is shown.  In this reversal, the sample switches and switches back reasonably 

quickly.  This reversal is less symmetric than those presented before.  The domain on the 

right grows faster than the domain on the left in this case.  In this run, thermal 

fluctuations may be evident, although there is still evidence of a dynamic domain 

reversal. 

In Fig. 6.5, another run with thermal fluctuations is shown.  The major difference 

between these reversals is that the back reversal is much slower to nucleate.  It is only 

beginning to switch, at the time when the previous switch was completed. 

These examples show that in certain circumstances, thermal fluctuations can make a 

huge difference in the magnetization reversal.  In these cases, stroboscopic experiments 

will not be particularly fruitful.  Stroboscopic experiments work best in the repetitive, 

deterministic reversals where thermal fluctuations are smaller.  These are the cases where 

the coercivity of the sample is exceeded significantly by the driving magnetic field. 

 

6.4 Prospects for a “10x2” Thermal Fluctuation run 

 
All runs with thermal fluctuations shown in this thesis are on samples much smaller 

than the “10x2” sample which has been shown in much of this thesis.  This is because, at 

this point, it is not possible for one run on a 10 x 2 µm sample to conclude in any 

reasonable amount of time.  To gather any information about the effect of thermal 

fluctuations on a sample, many runs are needed to determine an average effect.  The runs 

on a 1 µm x 200 nm sample took approximately three days each to run.  They had 64 x 16 

cells.  In order to scale up to 512 x128 cells, an increase by 64 times the total number of 

cells in the simulation, keeping cells the same size, one would expect the run to take 512 
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(!) times as long.  This is likely an underestimate because returning to the cell size used in 

the previous “10x2” simulations would mean there would be larger cells.  Increasing cell 

size may lead to the simulation departing from a physically meaningful situation.  If this 

is not a problem increasing cell size will lead to a decrease is the possible time steps that 

can be taken throughout the simulation because the random thermal fluctuations in each 

cell will be larger due to its increasing size.  This problem may be avoidable by running a 

simulation in a situation where other terms (such as Zeeman energy) drive the dynamics.  

There is little point to this because one would be studying thermal fluctuations in a region 

where thermal fluctuations are often negligible.  In order to have meaningful 

experimental comparison with thermal fluctuation micromagnetic simulation, it is 

necessary to have smaller samples (on the order of 1 µm x 200 nm).  This leads to a loss 

of resolution in TR-SKEM experiments, so this remains an unresolved problem. 

 

6.5 Summary of the Chapter 

 
In this chapter, the theory of thermal fluctuations is introduced.  After discussing 

stochastic integrals, a Fokker-Planck equation is introduced, which leads to a variance in 

the distribution of thermal fluctuations that can be incorporated into simulation.  Initial 

tests are done to see that this code corresponds with the Arrhenius-Neel law.  Runs are 

done with a smaller sample than those used in experiment to understand the effect of 

thermal fluctuation upon magnetization reversal.  Runs with a larger sample cannot be 

done at this point, as they would take too long to run.  A discussion of why this is and 

how long such a run might take concludes this chapter. 
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7. Summary and Future Prospects 

 

7.1  Conclusion of this work 

 
In this thesis, some of the initial work using a time-resolved scanning Kerr effect 

microscopy (TR-SKEM) system is presented.  Data in both ferromagnetic resonance and 

magnetization reversal experiments are presented.  Micromagnetic simulation results are 

compared to these experiments, showing very good agreement.  This has allowed for a 

considerable understanding of micromagnetic dynamics processes in the time domain. 

In chapter one, the background theory required to understand this thesis is introduced.  

The context surrounding this work in light of historical developments and contemporary 

work is discussed.   

Chapter two outlines the experimental technique of TR-SKEM.  Combining the sub-

micrometer resolution of scanning optical microscopy and the picosecond temporal 

resolution of ultrafast laser optics, this technique is able to provide much information 

about micromagnetic dynamics that has previously been too fast to image.   

Chapter three outlines the micromagnetic simulation details.  It explains the technique 

of solving the Landau-Lifshitz-Gilbert equation with a finite element simulation and the 

numerical issues surrounding it.  It gives an overview of the micromagnetic simulation 

code used in this thesis.  It gives a broader context of micromagnetic simulations, 

introducing other techniques used to simulate similar magnetic dynamic problems.  

Finally, it explains the standard problem run to prove that our code is correct with 

complete simulation data presentation. 

Chapter four outlines the ferromagnetic resonance problem, a low angle 

micromagnetic dynamic excitation, and presents TR-SKEM data.  Simulations of this 

data are provided showing good agreement, with a discussion of the issues surrounding 

these simulations. 

Chapter five outlines the magnetization reversal problem, a high angle micromagnetic 

dynamic excitation, and presents TR-SKEM data.  Various methods of reversal are 

observed.  This is followed with simulation of these results.  Further simulation of 
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magnetic reversal problems shows that possible dynamic behaviour is very rich.  Large 

changes in reversal can be observed by making small changes to the sample or its set-up. 

Chapter six discusses the problem of thermal fluctuation of the magnetization vector.  

It addresses how this problem can be tackled in simulation.  Runs of simulated reversals 

with thermal fluctuations on small samples are provided to give an idea of what effect 

they can have.  A discussion is presented of why simulations with thermal fluctuations of 

the larger samples shown earlier in the thesis is not possible.  It is possible to get an idea 

of what effect thermal fluctuations have in experimental data, and many of these effects 

are seen. 

This work shows that TR-SKEM magnetization dynamics experiments can be 

understood with a time domain LLG simulation.  Good agreement can be obtained in 

both low angle ferromagnetic resonance excitations and in higher angle magnetization 

reversal experiments.  The magnetization reversal experiments are the more complex 

problem and lead to hints of where this comparison may break down.  This is addressed 

partially by studying thermal fluctuation of the magnetization vector.   

The most significant point to this work is the beginning of a convergence between 

experimental and simulated micromagnetic dynamics.  More work needs to be done to 

come to a full convergence, but this process has begun.  This process will lead to a much 

better understanding of micromagnetics. 

 

7.2 Future Work 

 
Future possibilities to extend this research include the following.  The technique of 

TR-SKEM can be advanced; other microscopy techniques can be time resolved to give 

better spatial resolution; other problems can be looked at experimentally; other problems 

can be simulated, and the micromagnetic simulation code can be advanced.  The strategy 

of using simulation in tandem with experiment to understand the problem is a good one. 

Advances to the TR-SKEM technique would include increasing spatial resolution by 

using near field optics.  Oil immersion and solid immersion lenses 88 are two relatively 

easy additions to increase spatial resolution.  Another method is to decrease the 

wavelength of the light by frequency doubling the laser, although this makes optics a 
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problem, as most standard optics are not transparent in the ultraviolet.  Using a coated 

fibre, as in a near field optical microscope 89 to increase spatial resolution is probably not 

possible since it will significantly increase the time required to gather a signal.  Detection 

schemes can be improved, in part by using photomultiplier tubes, as it will increase 

sensitivity and allow for a better range of frequency of light that can be used.  Another 

issue of concern is reducing the number of events that have to be averaged to build up a 

stroboscopic signal.  This will limit the effect of stochastic processes in individual images 

and allow for a better understanding of them.  Stroboscopic noise imaging 90 is one step 

along that direction. 

Other microscopy techniques can be time resolved leading to the possibility of 

observing magnetization dynamics in other situations.  These include ultrafast, 

stroboscopic x-ray techniques 91 which allow for magnetic detection using circular 

dichroism 92 and photoemission electron microscopy.93  Using electrons for detection, 

one can use stroboscopic electron beam tomography,94 ballistic electron magnetic 

microscopy,42 scanning electron microscopy with polarization analysis 95 and spin-

polarized scanning tunneling microscopy.96 

New problems exist that can be looked at in experiment.  Magnetic reversals with 

patterned defects, varying magnetic field rise times, and canting of the reversal magnetic 

field with respect to the DC magnetic field can be explored.  Local sample excitation 

using, for example, a magnetic recording head to launch spin waves can be done.  This 

work can be expanded to use other materials, as long as coercive fields can be overcome 

to cause switching.  Experimentally, more industrially relevant structures can be looked 

at including magnetic multilayers, Hall cross devices and magnetic recording heads.97 

In simulation, many of these above problems can also be looked into.  As well, it will 

be fruitful to continue to speed up the micromagnetics code.  It still does not scale well as 

more processors are added.  It may be fruitful to try using an adaptive cell size,62 so that 

only regions of highly changing magnetization use small cells, but this requires 

completely changing the demagnetizing field calculation method.  In order to improve the 

comparison between simulation and experiment, smaller samples are needed in order to 

allow more complex simulations that take into account effects such as polycrystallinity 

and thermal fluctuations.  However, spatial resolution needs to be improved to handle this 
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in experiment.  Thus a tandem approach of improving the experimental apparatus along 

with the simulation is needed.  A further tandem effort can be carried out in the spin wave 

domain.  It is probably going to be a harder effort to get the higher frequency 

spatiotemporal features imaged and simulated.  This work suceeded with the larger 

features.  Ideally, there will come a time when this comparison can definitively show a 

breakdown of the LLG theory and provide insight into what physics is needed beyond it.  

This will lead to a definitive test of the damping function in micromagnetic dynamics.  

Micromagnetics will grow beyond its existing phenomenological framework.  Exactly 

how to go beyond LLG in mesoscale magnetic systems is a hot topic of interest in both 

industry and academia today. 
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	In some experimental works on dynamic magnetization switching, thermal switching is studied.  A sample is held near its coercive field, such that thermal switching becomes probable.  Lederman et al 45 show thermal activation work on single domain (-Fe2O
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	Using magnetic modeling, the gyrotropic nature of reversal has been studied further. For example Hillebrands et al 48 have used Stoner-like magnetic particles to model their response to field pulses of varying strength, direction, length and shape.  Long
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