
In-situ picosecond time-resolved probing of magnetization
dynamics in polycrystalline ferromagnetic thin �lms

BY

Jonathan Rudge

Bachelor of Science, University of Victoria 2001
Bachelor of Education, University of Victoria 2003

Submitted to the University of Victoria
in partial ful�llment of

the requirements for the degree of

Master of Science

in

Physics

c
Jonathan Rudge, 2009

All rights reserved. This dissertation may not be reproduced in whole or in part, by
photocopying or other means, without the permission of the author.



ii

In-situ picosecond time-resolved probing of magnetization
dynamics in polycrystalline ferromagnetic thin �lms

BY

Jonathan Rudge

Bachelor of Science, University of Victoria 2001

Bachelor of Education, University of Victoria 2003

Superivisory Committee

Dr. Byoung C. Choi, Supervisor
(Dept. of Physics)

Dr. Geo¤rey M. Steeves, Departmental Member
(Dept. of Physics)

Dr. Alexandre Brolo, Outside Member
(Dept. of Chemistry)



Superivisory Committee

Dr. Byoung C. Choi, Supervisor
(Dept. of Physics)

Dr. Geo¤rey M. Steeves, Departmental Member
(Dept. of Physics)

Dr. Alexandre Brolo, Outside Member
(Dept. of Chemistry)

ABSTRACT

Magnetization dynamics in polycrystalline Permalloy thin �lms were studied in-situ

using a time-resolved magneto-optic Kerr e¤ect microscope (TR-MOKE). The �lms, in

thicknesses from 9 to 22 nm, were thermally evaporated in a high-vacuum (<10�8 mbar)

environment. Two important dynamic parameters of the magnetization, the precessional

frequency and e¤ective damping constant �eff , are obtained from the picosecond time-

resolved evolution of the magnetization after a magnetic �eld pulse excitation. For all �lm

thicknesses investigated, the magnetization carried out precessional motion at a frequency

of ~2 GHz. The e¤ective damping constant �eff is extracted from the precessional decay

time � . The decay time is obtained by �tting the experimental time trace of the magneti-

zation to a damped sine function of the form M(t)=Mo e�t=� sin(!t � �), where ! is the

angular frequency of the precession mode and � is the initial phase of the precession. For

the thinnest �lm investigated, �eff reaches the value of 0.32, considerably higher than any

previously reported values. The physical origin of the increased magnetic damping is dis-

cussed in terms of the surface roughness induced extrinsic damping in magnetic thin �lms,

but the experimentally found thickness-dependence of �eff , however, does not agree with

the prediction. The discrepancy is attributed to the percolation of Permalloy islands into

connected clusters occurring at the thickness of ~18 nm.
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Chapter 1

Motivation

The study of magnetism and magnetic phenomenon is of tremendous technical importance.

This was o¢ cially recognized by the noble prize committee when they awarded the 2007

Nobel Prize in Physics to Albert Fert and Peter Grünberg, "for the discovery of Giant

Magnetoresistance (GMR)."[1] . The full truth is probably better realized by looking at

Moore�s law [2], which states that the rate of technological increase is roughly exponential,

doubling approximately every two years.1 Although this phenomenal rate of growth may

seem impossible to sustain it has been maintained for over forty years now and seems poised

to continue into the next decade. This astounding rate of growth is the result of an ever

increasing demand in every sector where technology is or can be applied. To produce higher

density storage media, which can keep pace with this growth, requires a more sophisticated

understanding and better control of the magnetic properties of materials. In addition the

lure of spin based electronic devices (spintronics as it has come to be known) and better

memories (MRAM�s, magnetic random access memories) help to drive research in this �eld.

Underlying the commercial and technical importance of understanding magnetism is

the pure science of magnetism. Although it might be easy to forget about this aspect

of the research, magnetism is clearly deserving of study as purely scienti�c pursuit. It

is one of only a handful of macroscopically observable quantum mechanical phenomena.

1Technically Dr. Moore was only writing about the number of transistors that could be economically

placed on a single chip. Other people�s names are associated with other versions of this idea but they

all follow the trend noted by Moore. This is not unreasonable given the interdependency of the di¤ering

technologies particularly in the computer industry.

1
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Super�uidity, superconductivity, Bose-Einstein condensates, and nuclear reactions are the

only other examples of macroscopic quantum e¤ects. Of these candidates it is only one of

two seen under ordinary circumstances and the only one readily observable without special

equipment.



Chapter 2

Background

2.1 Domains and Magnetism

Most people would agree that modern magnetism began with Weiss[3]. He proposed that a

ferromagnetic material could be comprised of a large number of small regions called domains.

Within each domain the magnetization is aligned as a result of a molecular �eld or Weiss

�eld, (now known as the exchange �eld,) but the alignment of the di¤erent domains within

a sample can vary relative to each other. A sample is unmagnetized when the domains are

randomly aligned to each other so that the vector addition of all the domains is zero. When

an external �eld is applied to an unmagnetized sample the domains begin to align with the

external �eld. As the magnetization increases more and more of the domains align with

the �eld and the magnetization of the sample increases. When all the domains are aligned

the magnetization of the sample plateaus, this is called the saturation magnetization (Ms).

When the applied �eld is removed most of the domains remain aligned, (with some few

moving to reduce the overall energy,) and so there is a net magnetization in the absence of

any applied �eld which is called the remanence.

Weiss�s idea of the molecular �eld was based on observations and not any particular

theory. We now know that the origin of the �eld he proposed is in fact quantum mechanical

in nature and has no classical analogue. Robert M. White gives a very good treatment of

the quantum mechanics which lead to this [4], however a simpli�ed explanation of this is the

following:. Consider a system of two interacting electrons, we can write the wavefunction

of the system as a product of space and spin functions.

3
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	tot = 	(r1 ; r2)'(s1 ; s2) (2.1)

Since the total wavefunction of the two electron system must be antisymmetric (electrons

are fermions after all) this implies that if the spin component � is antisymmetric the space

component (	) is symmetric and vice versa. If the space function is symmetric it must have

the form (neglecting the normalization constant):

	sym = 	a(r1)	b(r2) + 	b(r1)	a(r2) (2.2)

Similarly the antisymmetric space function will have the form,

	asym = 	a(r1)	b(r2)�	b(r1)	a(r2) (2.3)

Each of the above wavefunctions will yield an energy eigenvalue ( Esym; Easym) with

the di¤erence between the two energies corresponding to the di¤erence in energy between

parallel and antiparallel alignments of the spins.

Esym � Easym = 2J (2.4)

Finally we note that the energy equation for two interacting electrons can be expanded

to yield an exchange energy term, (in addition to two terms not shown for the separate

electrons and a cross term which is the coulombic energy term,) so named because it results

from exchanging the two electrons. (Neglecting the normalization constant and assuming

that the combined wavefunction is a linear combination of the individual wavefunctions.) :

Eex =

Z Z
	�a(r1)	

�
b(r2)hH12i	b(r1)	a(r2)d�1d�2 (2.5)

Since this is the only part of the energy equation that relies on particle exchange we can

directly relate it to the J in equation 2.4. If J is positive then the symmetric wavefunction is

a higher energy state and the antisymmetric space state is preferred. This implies the spin
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state will be symmetric, i.e. the spins align parallel - a ferromagnetic ordering. Alternatively

if J is negative antiferromagnetic ordering arises. At this point the Hamiltonian one usually

encounters is the Heisenberg Hamiltonian:

HHeis = �
X
i;j

Ji;jSi � Sj (2.6)

where the S�s refer to the spins and Ji;j is the exchange interaction integral. Unfortu-

nately, as with many quantum mechanical problems, an exact solution is not available. On

the other hand approximations can be made that allow the quantum mechanical formula-

tion to be recast into a pseudo-classical form and it is these approximations that form the

basis for most of the micromagnetic simulation work that has been done to date. Having

touched on the origins of the exchange interaction we turn our attention to more physical

aspects.

2.2 Techniques to observe magnetic domains

Over the years since Weiss proposed the idea of domains and the molecular �eld, (and

quantum mechanics explained the origins of it,) a variety of techniques have been developed

to study magnetic phenomena. A brief description of some of these techniques is given here.

This is by no means an exhaustive list as the intent is to give an overview. More details of

each technique are given in the associated references, with the last reference in each part

being a review of the relevant technique.

The Bittter technique was the �rst experimental technique available [5-7]. It consists of

spreading a �ne magnetic powder on the surface of a magnet. The powder then aligns itself

to the stray �elds on the surface revealing the domain structure of the magnetic surface.

It is a mature technique now and papers usually report using it in conjunction with other

techniques since there is clearly no temporal resolution. The spatial resolution is limited by

the grain size of the applied powder. Traditionally this has limited the spatial resolution to

the micron range however the availability of nanoscale colloids has pushed this lower limt to
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a 100 nm using electron microscopy. This has caused a small resurgence in this technique

since it is very simple to perform and requires no specialized equipment.

Scanning electron microscope with polarization analysis, (SEMPA) is another technique

for analyzing magnetic domains having a lower resolution of about 50 nm [8-10]. This

technique is di¢ cult to implement and has largely been usurped by MFM, so is not very

common. It relies on the spin polarization of electrons re�ected from a magnetized surface.

Since the percentage of polarization is quite low good contrast is di¢ cult to achieve. It

does however allow one to study the magnetization directly rather than looking at the stray

�elds but it also has no temporal resolution.

Magnetic Force Microscopy (MFM), although much more recent, might be classi�ed

as a variant of the Bitter technique [11-13]. MFM which is a variant of atomic force

microscopy (AFM) does not use a powder to measure the stray �eld but instead uses an

AFM tip coated in a magnetic material to achieve the same result. Although MFM has a

higher spatial resolution (~100 nm) than the traditional Bitter technique (on a par with its

nanocolloid incarnation) and is close to that of SEMPA it has largely usurped the roles of

both. It is a relative inexpensive and simple technique to implement and that has made it

an indispensible tool for static investigations. Although it still has no temporal resolution

to date the technique does not inherently preclude the possibility of a temporal mode. This

might be accomplished by using a modi�ed tapping mode with the magnetic excitations at

some harmonic of the tapping frequency.

Spin polarized scanning tunneling electron microscopy (SP-STM), like MFM is a relative

newcomer to the �eld of magnetics [14-16]. This technique relies on a thin layer of magnetic

material over a normal STM tip, which then acts as a spin �lter. Like the SEMPA it

is di¢ cult to implement because of the small fraction of polarization. It does have the

advantage of very high spatial resolution (<1 nm) but has not yet been demonstrated with

time resolved capability. This is currently being worked on by Dr. Freeman�s group at the

University of Alberta.

X-ray magneto-circular dichorism (XMCD) is another technique with high spatial reso-
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lution, on the order of 50-100 nm [17-19]. It relies on the small energy splitting between spins

to provide preferential absorption of X-Rays. By tuning and polarizing the x-ray source

it is possible to obtain a beam which is absorbed by a particular element in a particular

magnetization state. This makes XMCD element speci�c as well as magnetization sensitive.

In addition it has been demonstrated with high temporal resolution (100 ps) as well making

it a very powerful tool in the study of magnetic structures. The major drawback of this

technique is the requirement for a high luminosity, tunable x-ray source. Currently this is

only possible from syncnotron radiation sources which are certainly not readily available in

every lab.

Brillouin light scattering (BLS) is another technique especially well suited for studying

spin waves [20-22]. It is essentially a form of Raman spectroscopy with a higher resolution of

the spectra. It analyzes the frequency shift in a light beam after interaction with a material,

although the technique was originally developed for the study of phonons it has been used

to study magnons and spin waves quite successfully. Unfortunately it has relatively limited

spatial resolution temporal resolutions due to the low signal to noise ratio. Presently a 30

�m spatial resloution and a temporal resolution on the order of 1 ns.

Magneto-optic microscopes are probably the most common setups for investigating mag-

netization [23-25]. They can be setup to do either transmission (Faraday E¤ect) or re�ection

(Kerr e¤ect), as well as having spatial scanning and temporal scanning functions. This in-

struments have been demonstrated with spatial resolutions <1 �m and temporal resolutions

of 50 ps or less. Currently the spatial resolution is limited by the di¤raction limit of the

laser but the possibility of using a near �eld optical microscope presents the possibiltiy of

pushing the spatial resolution to a 100 nm or less. Since the apparatus used in this in-

vestigation was a time-resolved magneto-optic Kerr e¤ect microscope, more details on this

class of instruments will be given. Magneto-optic microscopes rely upon the fact that the

polarization of light is directly a¤ected by a magnetic material.. Another way of saying this

is that the re�ection (and transmission) coe¢ cients for left and right circularly polarized

light are di¤erent depending on the magnetization of a material. Since the di¤erence in
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coe¢ cients for any given material are directly proportional to the amount of magnetization

present measuring the change in polarization of the re�ected (or transmitted) light is a

direct measure of the change in magnetization of a sample. A brief mathematical treatment

is given in Appendix 1 for the interested reader but for here it is enough to know that the

polarization state of a re�ected (or transmitted) beam changes in proportion to the amount

of magnetization present in the material being sampled. By using an intense light source

(a laser) with a predetermined polarization state it is possible to determine the change in

magnetization of a sample. There are of course limitations to this technique. First is that

it is only sensitive to (in the case of re�ection) the penetration depth of the light which

is roughly 20 nm for our setup. Second is that the magnetization is not the only thing

that can a¤ect the polarization state. In order to be a useful tool changes in polarization

caused by other e¤ects need to be eliminated. Fortunately this is a relatively simple matter

since a change in the magnetization is easy to produce by application of an external �eld

which does not a¤ect any of the other optical properties of a material. So by applying a

slowly varying magnetic �eld to a sample and analyzing the change in polarization one can

obtain information about the sample magnetization but not about the absolute state of

the magnetization. How slow is slowly? In this case slowly is determined by how fast one

can sample the polarization state of the re�ected light. Ideally the sampling should be fast

enough that the magnetization state does not change for the duration of each sample In the

case of a quasi-static magneto-optic microscope, used for producing hysteresis loops, the

�eld might sweep at 1Hz or less. If the sampling rate is 10 ms then one would get 100 points

for each sweep of the �eld. On the other hand if the �eld sweeps at 1 ms and the sampling

rate is 10 ms then there is going to be a problem since the magnetization state will have

changed drastically during the sampling period. In the truly dynamic regime for which the

current research is focused on the characteristic times are on the order of picoseconds so

a slight variation is required. In essence it works exactly the same as the "static" version

only the sampling rate has been dramatically reduced. By using an ultra short laser pulse,(

~100fs,) the sampling rate is reduced which means that the sweep rate can be increased.



9

In the case of these experiments the sampling is accomplished by the probe beam with a

temporal width of ~100 fs. The sweep is replaced by an excitation pulse referred to as the

pump which has a typical temporal width on the order of nanoseconds. The technique is

commonly referred to as a pump-probe technique and is schematically shown in �gure 2-1.

Some excellent reviews of this technique are readily available [26-27]. Application of the

pump pulse moves the system out of equilibrium. By controlling the delay between the

pump pulse and the probe pulse, the probe beam can measure the (nearly) instantaneous

state of the process at successive points as it evolves in time. Although the cartoon makes

it appear that the probe pulse is being changed relative to the pump pulse, in our set up

the change in delay time is actually accomplished by changing the beginning of the pump

pulse relative to a �xed probe time.

Given the preceding it is probably not surprising that the study of magnetism can be

roughly divided into two main areas based on the sampling speed. Low sampling rates

provide static or quasi-static information. Static and quasi-static studies are mostly con-

cerned with magnetic energy densities of permanent magnets and the hysteresis loops of

bulk materials. If there is a dynamic component in this area it is commonly associated

with domain wall motion. This area should not be dismissed as trivial even today since

improving these properties can lead to technical advances in power generation and conver-

sion, but the focus of this research is dynamic so nothing more is going to be said about

the static and quasi-static areas. If the sampling rate is high then it is possible to obtain

information on the dynamic aspects of magnetization. Very early on the studies of domains

and domain wall motion quickly showed that domain walls have a maximum velocity of

travel (see Schryer and Walker [28]). This led to the obvious question of what happens

when a magnetic material is subjected to a high frequency �eld.

It should be noted here that the question was far more than academic curiosity. In-

dustry is at the very heart of the research. In the late �fties the industrial interest was

largely centered on the idea of magnetic memory arrays. At that time these were arrays

of ferrite cores. A �eld pulse generated by a current carrying wire was used to switch the
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Figure 2-1: Cartoon of the pump-probe technique. The pump pulse moves the system

out of equilibrium and the probe pulse measures the (nearly) instantenous state at

succesive points during the process.



11

magnetization in the cores. These ferrite cores su¤ered from several serious problems most

notably the large power requirements and even more problematic the destructive read op-

eration. (The act of reading a bit reset the bit thereby requiring an immediate rewrite to

follow every read operation.) Permalloy thin �lms (a family of Nickel-Iron alloys) looked to

be a promising substitute for the ferrite cores since they could be formed with a uniaxial

anisotropy and no demagnetization �eld in the plane, the two properties required to make a

nice bit. This sort of particle could readily be modeled as a Stoner-Wohlfarth particle [29].

2.3 Modeling Magnetism

2.3.1 Stoner-Wohlfarth Model

To explain what is meant by a Stoner-Wohlfarth particle let us start with a single domain

sample that has a uniaxial anisotropy and is immersed in a static external �eld. If we

neglect other anisotropies we can write down an expression for the total energy per unit

volume of such a sample.

W = �MHx cos � �MHy sin � +K sin2 � (2.7)

In this expression K is the uniaxial anisotropy constant, Hx, Hy, are the external �eld

components, � is the angle between the easy axis (the axis along which the magnetization

would orient itself without an external �eld, assumed to be along x) and the magnetization,

M.

Taking the derivative of this expression with respect to theta and setting it to zero gives

the equilibrium magnetization position.

@W

@�
=MHx sin � �MHy cos � + 2K sin � cos � = 0 (2.8)

Doing this again for the second derivative gives.

@W 2

@2�
=MHx cos � +MHy sin � + 2K(cos

2 � � sin2 �) = 0 (2.9)
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Figure 2-2: The Stoner Wohlfarth Asteroid. Point A outside the asteroid is a single

stable state. Point B, inside the asteroid has two possible states B1 nearly parallel

to A and B2.

The second derivative gives the transition points, where a stable state turns into an

unstable state.

Combining both equations we can eliminate � and get an equation in H.

(Hx)
2
3 + (Hy)

2
3 =

�
2K

M

� 2
3

(2.10)

This equation is the Stoner-Wohlfarth asteroid, which shows the external �eld values for

which the magnetization has a stable state. Figure 2-2 shows a plot of this equation. The

value of @W@� is always tangent to the curve, (by virtue of the way the curve was derived,)

so to �nd the equilibrium direction for any given external �eld we can draw a tangent to

the curve that passes through the �eld point. The magnetization will then point along

that tangent line as that is direction of maximum stability. So in the �gure if the applied

�eld is at point A (outside the curve,) the magnetization will lie along the arrow marked

A. On the other hand if the applied �eld is weaker, lying at point B on the graph, the
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magnetization can align along the arrow at B1 (parallel to A) or it could align along the

arrow at B2. Apparently there are now two possibly stable states. In actual fact both states

represent energy minima for the given conditions so they are both stable states under those

conditions. However any deviation from the given conditions could cause the magnetization

to �ip from one state to the other. It is for this reason that the states with applied �eld

coordinates inside the asteroid are considered unstable states. Imagine the magnetization

is resting in the state B2 and the external �eld is gradually increased. Even if nothing else

happens to disrupt the magnetization state as the �eld is increased to a point lying on the

curve, it must �ip to state B1 when the �eld strength is increased to a point outside the

asteroid. At this point an interesting question presents itself. How does the magnetization

get from state B1 to state B2? Another interesting question is how fast can it go from one

state to the other?

The focus of the research rapidly grew toward answering the second question. Studies

started to be published showing new kinds of magnetic reversals, referred to as coherent

and non-coherent (or incoherent) reversals. One of the �rst works on the subject was that

of Olson & Pohm [30] but all of the experiments follow the same general theme. The thin

�lm was immersed in a static magnetic �eld oriented along the transverse (hard) axis of

the �lm. A wire was used to switch the �lm along the longitudinal (easy) axis of the �lm

and the same wire was connected to an oscilloscope to examine the induced current as the

�lm switched. The inverse switching times were obtained from the traces and plotted as

functions of the longitudinal �eld. In each case at a certain critical transverse �eld the slope

of the graph changed rapidly. Although not immediately evident from Olson & Pohm�s data

further experiments showed the existence of three distinct modes, now commonly referred to

as domain wall motion, incoherent rotation and coherent rotation. A completely coherent

reversal is in some sense the opposite extreme of switching by domain wall motion and

this can be neatly described the Landau Lifschitz equation which will be examined in more

detail later. In the gray area between the two extremes are reversals which are a mixture of

the two and are generally referred to as incoherent switching a phrase apparently proposed
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by Gyorgy [31].

After this �rst real evidence of fast reversal processes that did not �t with domain

wall motion Kryder and Humphrey [32] used a pulsed ruby laser to obtain 10ns temporal

resolution of a magnetic sample being switched. The big advantage of Kryder�s work was

the fact that the domains (and therefore domain walls) were clearly visible in the images

and so this can be considered as the �rst direct evidence of fast reversal. Several excellent

sources are available to gather an overview of this period [33,34].

2.3.2 The Landau-Lifshitz equation

Earlier, reference was made to two questions stemming from the Stoner -Wohlfarth particle.

How fast could the magnetization go from point A to point B, and how does it get from

one point to the other? Of course the two questions are somewhat related in that how

fast depends on the mechanism of the reversal. In the quasi-static regime the reversal is

dominated by domain wall motion which is a relatively slow process. For reversal in the fast

and ultrafast regime (~nanosecond time scales) domain wall motion is no longer su¢ cient.

At these timescales the ideal reversal is a completely coherent reversal where all of the spins

precess and come to rest at the new equilibrium position. We now turn our attention to

how this might work. 1

Since we want all of the spins to move in the same way it is su¢ cient to consider a single

spin. The motion for a single spin is just a dipole moment in an external magnetic �eld.

Letting � be the magnetic moment of the single (electron) spin, Heff be the e¤ective �eld

acting on that spin, and 
 be the gyromagnetic ratio (~1.76*107/(Oe*s)) the equation of

motion is:

1




d�

dt
= ����!H eff (2.11)

The right hand side of the equation is the torque acting on the spin which, as a result

1This derivation is essentially the same as Landau and Lifshitz but can be found in most books that

discuss magnetization dynamics. This follows the work of 35 and 36



15

of the cross product, is always perpendicular to the plane containing � and
�!
Heff , which

describes a precession of � about
�!
Heff . Since together all of the spins in the sample make

up the magnetization, we can rewrite the equation with
�!
M in place of � to get

1




d
�!
M

dt
= ��!M ��!H eff (2.12)

By itself this is not an adequate descripition however since the magnetization
�!
M has

no way to relax and come to equilibrium aligned along e¤ective �eld direction
�!
H effwhich

it must eventually do. To accommodate this, a phenomenological damping term is added

to the equation, which serves to damp the precession and allow the magnetization to align

along the direction of the e¤ective �eld.

The original form of this equation was put forward by Landau and Lifshitz in 1935. The

original form was:

d
�!
M

dt
= �
(�!M ��!H eff ) +

�

Ms2
�!
M �

��!
M ��!H

�
(2.13)

The problem with this particular formulation for the damping factor is that it is inap-

propriate if the damping parameter is large. In that case the frequency of the precession

becomes abnormally large. Another formulation of the damping term was introduced by

Gilbert in 1955 [35]. This equation is usually referred to as the LLG equation and is prob-

ably the most often quoted equation in dynamic studies of magnetics.

dM

dt
= �
 (M �Heff )�

�

Ms

�
M � dM

dt

�
(2.14)

Although the LLG equation is a relatively straight forward looking equation, it should

be pointed out that it is by no means a trivial thing to apply this equation to a realistic

problem. A major problem is the sheer number of spins that are available in even the

smallest physical system Even nanoclusters have thousands of atoms and most research is

conducted on much larger scales with numbers on the order of Avogadro�s number. Thus

it is an n-body problem on a massive scale. The other major di¢ culty is in the e¤ective

�eld term. To this point not much has been said about the e¤ective �eld but a word or two
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about it is de�nitely required. In the derivation we simply took this term as the �eld applied

to the dipole to �nd the torque but the question remains what exactly is the �eld? The
�!
H eff term is the sum of all of the �elds acting on the dipole. Obviously this includes any

external �elds but less obvious is the contribution of all of the other dipoles in the system.

The calculation of the e¤ective �eld from the other dipoles is one of the main di¢ culties in

using the LLG equation to evaluate any realistic system. Those same interactions though

are at the heart of magnetism so it is absolutely necessary to include them in one form or

another. This is where most of the e¤ort (and computation time) in modeling and computer

simulation work is taken up - in calculating the
�!
H eff

With the concept of a coherent reversal �rmly established both in theoretically and

experimentally the ever-present question of �how fast?�comes back again. This time however

it is clear that how fast is not just a question of the switching pulse speed. The dynamics

which lead to the coherent reversals are governed by several variables. Simulation work has

shown that the fastest reversals are not solely achieved on the basis of the fastest pulses [36,

37]. The damping parameter and the demagnetizing �eld (wrapped up in the e¤ective �eld

term) both contribute to the dynamics. Controlling the shape of an excitation pulse can

lead to faster, more stable switches [38] . In addition to the shape of the pulse one would

expect that the degree of damping plays a signi�cant role in the amount of magnetization

ringing. The question of how the surface morphology of a �lm a¤ects the damping however

is still an open question.



Chapter 3

Experimental Setup

3.1 Overview of the Apparatus

The following details the experimental setup. It is an overview of the entire apparatus that

was used and is given in three parts, the laser source and consequent electronics, the vacuum

chamber and sample holder, and the detection setup. Details of the individual parts and

their speci�c functions are given later as appropriate.

Figure 3-1 shows a schematic of the entire setup. The laser source was a laser diode

pumped, mode locked, Titanium-Saphire laser, (a Tsunami laser from Spectra physics,)

that produced ~100fs laser pulses with a repetition rate of 800 kHz. The wavelength of the

laser was tunable around 800nm with a nominal power output of 1mW (the laser actually

produces two beams one with a much higher power output and repetition rate but that

beam was not used.) A beam-splitting cube was placed near the output window of the

laser so that a portion of the beam could be used as a trigger for the electronics. The

trigger portion of the laser was guided through an optical chopper, which ran at 800 Hz

thereby producing a 1 kHz trigger signal which was received by a high-speed photodiode.

The voltage output from the photodiode was used as a trigger for a delay generator, which

then produced a trigger signal for a high-speed pulse generator. A computer was used to

control the delay of the delay generator thereby adjusting the signal window.

The vacuum chamber was designed around a six way cross. The front port was used

for allowing the laser access. On the top was a �oating BNC feedthrough for the excitation

17
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Figure 3-1: Schematic of the entire apparatus. The solid gray line shows the �nal

beam path from the fs pulse-laser to the vacuum chamber. (The piezostage and

preampli�ers on the left were not used in this setup.)
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Figure 3-2: Enlargement of the vacuum chamber and relevant components. The

chamber was set at ~10� to the vertical to reduce the re�ections from the glass window.
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pulse current. On the back was the translational stage control that was used in conjunction

with the rotational control on the right to move the samples. The samples were positioned

in either the viewing position which was as close as possible to the front window and facing

forward or the deposition position which was centered in the chamber and facing down. On

the bottom was the deposition source and water-jacket. The deposition source was a Permal-

loy pellet, contained in an alumina crucible, and heated by a tungsten basket �lament. On

the left was the connection to the turbo pump and the pressure gauge. The pressure gauge

was a thoriated iridium �lament gauge housed in a four way cross. This replaced a cold

cathode-penning gauge, which was used in the initial stages of the experiment.

Figure 3-2 gives an enlarged view of the optical bench and chamber. The main group

of optics was located on a bench adjacent to the vacuum chamber. After being re�ected

from the main optical table that housed the laser, the beam was sent thorough a long

focal length lens (120 mm) to help �ne tune its position. The beam was sent through a

calcite polarizer to produce a good quality s-state polarized beam, which was then split

by a 50-50 beam splitter. The transmitted portion of the laser then entered a microscope

objective (10x - 0.25 NA with a working distance of ~1cm) and was focused through the

high vacuum window onto the sample. A beam spot of ~30 �m in diameter was readily

obtainable based on imaging structures of known size. Although a smaller diameter would

have been preferred the limitations of system, (in particular the thickness of the window

and the placement of the sample,) made a smaller spot size impractical. After re�ection

o¤ of the sample the laser was recollimated by the same objective and sent back to the

beam splitter. Using the re�ected fraction from the beam splitter this time, the laser was

sent through a beam splitting polarizer (henceforth referred to as the analyzer) set at ~45

degrees. Photodiode detectors then detected the two emerging beams.

3.2 Details of the apparatus and procedures

There were a number of factors that came to light during the course of the experiment that

e¤ected the �nal working operation. This part discusses those parts of the apparatus that
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need more explanation or that were changed along the way to make it all work.

3.2.1 The beam path

The �nal beam path was in fact the third choice of paths. A single mode polarization

maintaining optical �ber was the �rst attempt at constructing a beam path. This failed

due to the lack of intensity through the �ber. The second beam path, which is shown as a

�ne dashed gray line on diagram 3-2, was also found to be inadequate. Originally this beam

path was chosen as matter of convenience since the optical path of the laser was easiest to

intercept at that point. The problem with this optical path was that it required having

optical elements on four independent surfaces. Even minor vibrations became ampli�ed as

a result of the number surfaces moving independently of one another. The third and �nal

beam allowed for all of the optical elements to be assembled on only two surfaces. The

optical table that housed the laser, which was vibration isolated, and a threaded aluminum

breadboard, which was not vibration isolated,(shown in �gure 3-3 without the lead blocks).

To decrease the amount of vibrations a¤ecting the breadboard, the feet were placed on

rubber pads, and several blocks of lead were placed on top. This relatively simple solution

was enough to keep the vibrations to a manageable level.

Another problem with the beam path was unwanted re�ections, most notably re�ections

from the chamber window. Since re�ections inherently change the polarization state of the

beam it was necessary to limit the re�ections as much as possible. Additionally the beam

needed to be as near to normal incidence as possible to maximize the polar Kerr signal.

Initially this meant that it was nearly normal to the chamber window as well. Re�ections

from the sample and the chamber window (see �gure 3-4) were both passed to the detector

system, which degraded the overall signal. A simple solution to this was found by adjusting

the angle of the chamber. By tilting the entire chamber ~10 degrees o¤ the vertical and

rearranging the sample holder to ~10 degrees in the opposite direction, the laser was able

to contact the sample at normal incidence while re�ections from the chamber window were

eliminated.
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Figure 3-3: Picture of the optics in front of the vacuum chamber. Lead blocks (not

shown) were used to help stabilize the optical table.

Figure 3-4: A front view of the vacuum chamber setup. The pump connection was

made through the valve on the left. The braided band is a heater tape.
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3.2.2 The polarization state

The actual state of polarization was not in fact a true s-state. Because the beam was

necessarily re�ected from a number of surfaces, all of which contributed to small (but

constant) changes in the polarization state, the initial polarization was not exactly s-state.

The polarizer was adjusted (as well as adjusting the position of the photodiodes) to help

balance the initial signal from the photodiodes. The adjustment however was small, no

more than three degrees, and the actual orientation of the polarization state has no bearing

on the polar Kerr signal in any case.

3.2.3 Depositon conditions

The deposition was done by thermal evaporation of nickel iron alloy, more commonly known

as Permalloy. The term Permalloy covers a family of Ni-Fe alloys of approximately Ni80Fe20

composition, in our case the composition was Ni81Fe19. A Leybold turbo pump backed by

a rotary oil-roughing pump was used to evacuate the chamber. The system was connected

through a side port on the pump so that the existing connections did not have to be

disturbed. This was found to be a satisfactory solution although it likely contributed to

longer pump down times. The ultimate pressure that could be reached, with a baking out

at 125 C was ~10�9mbar, however this was found to be impractical, (taking more than

a week.) In practice the system was allowed to pump down overnight which brought

the pressure down to ~10�7mbar, then the �lament was gradually heated up by applying

increasing amounts of current to the �lament (to a maximum of ~50 A.) After another

day (or more depending on the nature of the work that had been done on the system) the

pressure was ~10�8mbar and the �lament and crucible were well outgassed. This procedure

allowed the pressure to stay in the 10�7mbar range during the deposition. The deposition

was initiated by bringing the current up to 70A and waiting for the pressure to stabilize at

that current. Then the sample was moved into place above the source. Deposition times

varied depending on the thickness of the �lm required. An average deposition time was

30 seconds at 70A of current that resulted in �lm thicknesses on the order of 20 nm. In



24

the initial set up the �lament was connected to two solid copper conductors of an electrical

feedthrough by two stainless steel clamps. Although this appeared to be satisfactory at

�rst, after continued use it was noted that a thin black tarnish had built up on the stainless

steel. This was caused by the heat of the �lament over an extended period of time. During

the same period it was noted that many of the �lms that were grown would not produce

any temporal magnetic signal (although they still showed a magnetic response in the static

moke setup.) Although not the only factor it is reasonably certain now that contamination

from impurities in the stainless steel were a signi�cant contribution to the lack of response

form the early �lms. A new set of clamps was designed using an RF feedthrough. The

RF feedthrough was comprised of two hollow copper conductors. Two copper clamps were

silver soldered to the vacuum side and cooling water was circulated through each side using

a smaller diameter tube �tted on the inside of each copper conductor.

3.2.4 Samples

An AFM image of one of the microcoils is shown in �gure 3-5a, the internal gap was ~50�m

for all of the coils used. The samples were all evaporated on to prefabricated microcoils

a schematic of which is given in �gure 3-5b. To make the microcoils the substrates, 0.50

mm thick glass, was cleaned in a piranha solution (3H2SO4 - 1H2O2) for 15 minutes. They

were then removed, dried with N2, and placed in a high vacuum sputter chamber. After

obtaining a pressure of 10�7mbar a thin layer of chromium (~10nm) as an adhesion layer

and a thicker layer of gold (~250nm) were deposited under argon. This was all done at

the University of Alberta�s Nanofab facility. The (100x100)mm2 substrates were then cut

into smaller squares, ~(20x20)mm2, then optical lithography and chemical wet etch were

done at either UBC�s AMPEL facility or the Nanofab facility depending on the batch. (The

samples that comprise the �nal data were all done at UBC and were in fact all from a

single exposure to help maintain consistency.) In the �rst attempts at producing �lms it

was found that the resistance of the coils dropped signi�cantly (10% or more depending on

the thickness) after depositing the permalloy. This was largely attributed to the metallic
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permalloy short circuiting the coil. Even though the permalloy was much thinner and has a

lower conductivity some of the current still went through. To avoid this the later batches of

coils were not stripped after the chemical etch. This left a thin layer of the photoresist on top

of the coils providing some electrical insulation between the coil and permalloy �lm. Using

this procedure the resistance was found to drop by only ~1% or less for the measured �lms.

1 A picture of the sample holder as seen through the chamber window. The microcoils

were connected by the two spring clips.

Figure 3-5: a) An AFM image of a bare microcoil. As shown the gap between the

two wires is ~50�m. The width of each wire was ~20�m. b) A schematic of the

microcoils used.

3.2.5 The excitation pulse

1The insulation provided by the photoresist was not perfect and the photoresist layer did occasionally

break down producing a sudden drop in the resistance. A thin layer of insulating material, such as SiO2,

would have been more e¤ective but was impractical to fabricate at this point.
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High-speed current pulses travelling through the micro coil excited the magnetic �lms. The

pulse generator was set to produce 4ns pulses with a peak voltage of 45 V. Given that the

resistance of the system was ~50 
, (which was chosen to match the impedance of the cables

to avoid re�ections,) the pulse current was approximately 1A. Two spring clamps fashioned

from a vacuum compatabile Be-Cu alloy made the connection to the coil. A picture of the

sample holder as seen through the window of the chamber is shown in �gure 3-6.

A section of vacuum compatible coaxial cable connected the clamps to the BNC

feedthrough which was a two connector �oating type. As it was �rst connected the cir-

cuit ran from one feedthrough connector, along the inside of the cable to the coil, then back

along the shielding to the second connector. On the outside a modi�ed BNC cable carried

the pulse from the pulse generator in the same fashion. This mimicked the setup that has

been used successfully on the optics bench in the past. Unfortunately that was not the case

with this set up as connection in this fashion led to a large amount of interference. The

system that did �nally work was to ground the out going pulse to the chamber. In this

case the pulse traveled along the inner conductor to the coil, and was then grounded to the

sample holder after transiting the coil. The shielding of the coaxial cable was also grounded

to the chamber. Using this connection method produced no measurable interference. The

�eld strength of the pulse was estimated to be ~100Oe using a mathematica code which is

given in appendix 2 as well as a plot of the estimated �eld distribution.

3.2.6 The photodiodes

The photodiodes that were used to detect the signal were actually a matched pair of quad-

rant diodes as seen in �gure 3-7.

Although it wasn�t done in this experiment the quadrant diodes allow for the detection of

all three magnetization components. This detection unfortunately requires a very close focus

with the sample, (or a very broad beam), in order to achieve large incident angle which was

unobtainable in the current con�guration. In future variations it may be possible to arrange

the objective lens inside the vacuum chamber so that the angle of incidence is su¢ ciently
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Figure 3-6: A picture of the sample holder as seen through the chamber window.

The microcoils are connected by the two spring clips.

large to observe all three components. Use of the two-diode system however was still useful

in that it increased the signal size. A traditional static magneto-optical microscope general

uses only one diode and two (nearly) crossed polarizers. Any change in polarization is

converted to a change in intensity. Using the two diodes and beam splitting polarizer

at the analyzing end doubles the relative signal strength while simultaneously eliminating

much of the background scatter. Any rotation of the polarization causes one of the two

components of the polarization to decrease and the other to increase. This corresponds to

an increase in the intensity in one diode and a decrease of equal magnitude in the other

diode. Subtracting the two signals doubles the size of the change while simultaneously

removing any components that remain unchanged. It should be noted that although this

setup does allow for a removal of ambient light from the measured signal it was still found

useful to keep the diodes as dark as possible. This was achieved by turning o¤ the room

lights and covering the diodes with a box.
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Figure 3-7: A picture of the photodiodes used along with the beamsplitting polarizer.

During the measurements the diodes were covered to prevent stray light from reaching

them.



Chapter 4

Results

To con�rm the apparatus was working correctly a number of measurements were made

on a Yttrium Iron Garnet (YIG) �lm prior to evaporation of any samples. These were

readily comparable to scans done on the same �lm using a well established ex-situ system.

Examples of this are given in Figure 4-1 and 4-2 and not surprisingly there is excellent

agreement between the scans. It should be pointed out that although the y axis is arbitrary

the same ampli�cation parameters were used for both scans to allow for a comparison of

the relative strength of the two signals.

After con�rming that the setup was working �lms were produced and measured. The

�rst �lms to show any response were done sequentially; a deposition followed by a mea-

surement then another deposition and so on until the �lm no longer showed any response.

Necessarily the thicknesses quoted are approximate, based on the measured deposition rates.

Figure 4-3 shows the best of this set of scans with a damped sine wave superimposed over

the peaks as an aid to visualization. The scans of these �lms were done with a 100 ps

resolution but this was found to be too coarse to properly resolve the precession. The next

series of scans more properly resolved the precession by using a 10ps resolution. These

scans are shown in �gures 4-4, 4-5, and 4-6. Each of these �lms was evaporated, dynami-

cally scanned, hysteresis loops measured, and then removed for AFM measurements. This

allowed for con�rmation of the observed behavior and the predicted thicknesses as well as

imaging of the surface structure.

Each of these �lms showed a good dynamic magnetic response and relevant data for

each �lm is given in Table 4-1. The �lms were produced in the order of decreasing thickness

29
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Figure 4-1: In-Situ measurement of the standard YIG �lm. The signal is from a 4ns

pulse through a microcoil.

with the thinnest �lm (Film 1) being the �nal sample. (This �nal sample was made in

two steps as the �rst evaporation was too thin to produce a magnetic response from the

equipment.). The thicknesses quoted for these �lms are based on averages taken from AFM

measurements. To do this the AFM was centered over an edge of the �lm, so that the

boundary between the substrate and �lm was clearly visible. Then an area of the substrate

and an area of the �lm were chosen and the average height of each was calculated (by

the software), the di¤erence between the two heights has been given as the �lm height.

The resistances refer to the resistance of the coils as measured from the BNC feedthrough

terminal. The initial resistance was measured as the sample was being installed in the

chamber to ensure a good contact. The connection was only acceptable if it was less than

15
 and it was measured again after the chamber was evacuated. The resistance was

never found to change after evacuation, or manipulation of the sample, indicating a robust

connection through the spring contacts. As was stated earlier, problems had been seen with
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Figure 4-2: Ex-Situ measurement of the standard YIG �lm. The signal is from a 4ns

pulse through a microcoil.

large resistance changes so monitoring the resistance after the deposition was necessary.

For these three �lms a maximum change in resistance of 0.3
 corresponds to a ~2% change

in the resistance, which at 45 V corresponds to approximately a 4 mA change in current

when the impedance matching is taken into account. The deposition power was measured

using a Fluke clamp meter around the current input. In general a 70 A current was used

although for the thinnest �lm a 65 A current was used in an e¤ort to have more control

over the thickness. Also the times represent the time that the samples were turned into

the evaporant stream, in the case of �lm 1 this is the combination of 10 seconds in the �rst

run and 5 seconds in a second run. The deposition pressures represent the median of the

pressure during the deposition.

As mentioned above the hysteresis loops for the 9 nm, 18 nm, and 22 nm �lms were

also measured. This was accomplished by arranging a pair of coils outside the chamber

with the generated �eld oriented along the axis perpendicular to the plane of the �lm. A
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Film 1 2 3

Thickness 8:8� 0:5nm 18:3� 0:5nm 22:3� 0:5nm

Initial Coil Resistance 14.4
 14.2
 14.6


Final Coil Resistance 14.5
 14.3
 14.9


Resistance Change 0.1
 0.1
 0.3


Deposition Power 65A 70A 70A

Deposition Time 15s 20s 30s

Deposition Rate 0.59nm/s 0.91nm/s 0.74nm/s

Deposition Pressure 6x10�7mbar 3x10�7mbar 5x10�7mbar

Table 4.1: Characterization and deposition information of the Films

Figure 4-3: A dynamic scan of an 80nm thick �lm with a damped sine wave super-

imposed. The precessions in the �lm are poorly resolved but visible.
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Figure 4-4: Plot of the entire scan for the 9nm thick �lm. The precession is abruptly

damped.

Figure 4-5: Plot of the entire scan for the 18nm thick �lm. The precession is lasts

somewhat longer than in the thinner �lm
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Figure 4-6: Plot of the entire scan for the 22nm thick �lm. The precession is long

and well resolved.

current of 4A at a frequency of ~1Hz was used to generate the �eld. Figures 4-7(a), 4-8(a),

and 4-9(a) show the hysteresis loops for each �lm on the left, on the right, �gures 4-7(b),

4-8(b), and 4-9(b), are the AFM images of the corresponding �lms. Note that the vertical

scale for the �rst AFM image, 4-7(b), is half that of the other two. Brighter areas represent

topographical peaks.
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Figure 4-7: a) the hysteresis loop for the 9 nm �lm, b) the as scanned AFM image of

the 9 nm �lm.

Figure 4-8: a) the hystersis loop for the 18 nm �lm, b) the as scanned AFM image of

the 18 nm �lm.
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Figure 4-9: a) the hysteresis loop for the 22 nm �lm, b) the as scanned AFM image

of the 22 nm �lm.



Chapter 5

Analysis

As shown in the AFM images (�gures 4-7(b), 4-8(b), and 4-9(b)) all �lms investigated reveal

the three-dimensional island growth mode, in which the surface structure is composed of

Py islands separated by void areas. The sizes and separations of the islands are of a wide

distribution, and no isotropic feature of the surface structure can be readily identi�ed.

To better visualize the surfaces 3-dimensional Matlab plots of the AFM images are given

(�gures 5-1(a)-(c)) and to obtain a quantitative view of the surface roughness the pro�les of

the AFM images are captured as shown in �gure 5-1(d). The general trend is that increasing

�lm thickness leads to larger vertical surface roughness. by correlating the brightness to

heights. The root-mean-square (rms) roughness (i.e., standard deviations of island height)

of the deposited �lms are measured 5.3 nm, 19.1 nm, and 21.3 nm for Py �lm thicknesses

tPy=9 nm, 18 nm, and 22 nm, respectively. Note that the heights in �gure 5-1(d) represent

variations in the surface of each �lm and do not include any vertical o¤set. The quoted

thicknesses include the vertical o¤set relative to the substrate. For the 18 nm and 22 nm

thick �lms, since the average island height does not change drastically, the implication is

that some type of continuous Py layer forms under the islands by means of percolation.

The examination of the (quasi) static data from �gures 4-7(a), shows a typical hard-axis

behavior indicating that the magnetization easy axis at this thickness range (9 nm) is in

the �lm plane. With increasing thickness it can be seen that the shape of the loops change

to square-like (Fig. 4-8(a)), indicating that the direction normal to the �lm plane becomes

the magnetic easy axis. The origin of the perpendicular anisotropy is attributed to the

larger surface roughness at this thickness. This is in agreement with a previous theoretical

37
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Figure 5-1: (a)-(c) show the three dimensional surface maps of the 9 nm, 18 nm, and

22 nm �lms respectively all done on the same scale (color bar at right.) Figure (d)

is a plot of the pro�les for each �lm taken along the midline of each AFM image.
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study by Bruno [39], in which the surface roughness was expected to result in an e¤ective

positive dipolar surface anisotropy. The hysteresis loop measured for the 22 nm thick �lm

(Fig. 4-9(a)), which has a slightly higher rms roughness compared to the 18 nm thick �lm,

shows an increase in squareness and the coercive �eld, suggesting that the perpendicular

magnetic anisotropy strongly contributes to the magnetization process .

The direct correlation of the surface morphology to dynamic magnetic properties is

found in the time-resolved Kerr measurements. As already mentioned, the time resolved

measurements were made by applying a magnetic �eld pulse along the direction of the

surface normal. This �eld pulse brought the Py �lm systems out of equilibrium, therefore the

detected magneto-optic signal results from the change in the out-of-plane component of the

magnetization, (the Mz component of M.) Since the laser spot is focused to a beam spot of

~30 �m in diameter, the time traces of Mz correspond to the evolution of the magnetization

in each �lm averaged over the area of the beam spot, an area of ~700 �m2. Figures 4-4,

4-5, and 4-6 show the complete temporal evolution of Mz, measured on the 9 nm (a), 18 nm

(b) and 22 nm (c) thick �lms respectively. The time traces reveal damped magnetization

oscillations which result from the large out-of-plane excitation of Mz that developed in

response to the rapid change of the external magnetic �eld and the three �lms appear quite

similar aside from the rapid quenching of the precession in the thinnest �lm, (�gure 4-4.)

Figure 5-2(a)-(c) shows the same data truncated so as to better examine the precessions and

now an interesting observation comes to light; the faster magnetic response of Mz as the

thickness of the Py increases. For a thickness of 9 nm (�gure 5-2(a)), the initial excitation

decays very quickly leaving a smaller amplitude precession as time evolves, implying a

strongly incoherent magnetization precession. With increased �lm thickness as in the 18

nm �lm (�gure 5-2(b)), the dynamic response of Mz changes and an additional excitation

peak appears at 150 ps. The fast initial response of Mz is, however, quickly suppressed by

the following large amplitude precessional motion, which dominates the dynamics on a long

time scale. The presence of the two excitation peaks suggests the formation of two magneto-

dynamically distinctive regions within the �lm. As was hinted at earlier with AFM images,
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Figure 5-2: temporal evolution of Mz measured on (a) 9 nm, (b) 18 nm, and (c) 22

nm thick �lms as a function of delay time. The magnetic pulse begins at 0 ns. Open

circles are experimental data, the gray line (red online) is the best �t using e
�t
� . On

the right, (d)-(f), are the corresponding fast Fourier transformation (FFT).
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the �lm growth is primarily island growth but with an underlayer forming by percolation.

The magnetically non-identical Py layers can be associated with these two di¤erent regions

of �lm. One in which isolated Py islands exist and another in which the islands have

percolated to create connected Py clusters in an underlayer. It should be noted that this type

of �lm growth is not the idealized Stranski-Krastanov (i.e., layer plus island) mode, where

islands grow on top of the �rst complete layer. The initial fast magnetic excitation of Mz

is attributed to percolated underlayer while the delayed precessional excitation involves the

response of Mz only from the isolated islands at the surface. Consequently the contribution

to the magnetization dynamics from the islands is expected to become less signi�cant with

increasing thickness of Py. This hypothesis is con�rmed by the measurement at a thickness

of 22 nm (�gure 5-2(c)), in which the precessional response observed in the 9 nm Py �lm

disappears while the coherent precession of Mz starts at 150 ps and is preserved above 2

ns. The precessional frequencies for di¤erent thicknesses of Py are extracted by fast Fourier

transformation (FFT) of the time trace of M, as shown in �gure 5-2(d)-(f). The FFT of the

9 nm thick �lm does not produce a sharp peak due to the sharp decay of the magnetization

oscillation, nevertheless, a precessional frequency of ~2 GHz can be clearly identi�ed. As

the thickness of Py increases, the peaks in the FFT spectrum become sharper since there

are more oscillations being analyzed, but no shift of the precessional frequency is found.

This implies that the spatial inhomogeneities in the percolated underlayer and the surface

island layer, signi�cantly a¤ect the time scale of the dynamic response of Mz but not the

intrinsic precessional frequency. This is understandable since the precessional frequency is a

function of the material properties and therefore has its origins in the compositional details

of the �lm.

Another parameter describing the magnetization dynamics is the decay time, � , of the

precessional oscillation of Mz [40]. The values of � are determined by �tting the time

trace of Mz with a damped sinusoidal function of the form M(t)=Mo e
�t
� sin(!t � �),

where ! is the angular frequency of the precession mode and � is the initial phase of the

precession. The solid gray lines in �gure 5-2(a)-(c) are the best �ts to the data, giving the
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decay times � = 0.25 ns, 0.41 ns, and 0.60 ns for Py thicknesses of 9 nm, 18 nm, and 22

nm, respectively. It is found that the exponential decay, ~e
�t
� , of the precessional amplitude

follows the experimental data better than the nonexponential decay of the form exp{( �t�3=2
)
3
2 }

based on considerations of the surface roughness induced two-magnon scattering [41]. We

also note that our experimental data suggests that the decay time � increases as the rms

roughness increases. This is in contrast to the theoretical prediction by Dobin et al. [41],

in which the decay time is expected to decrease as the amplitude of roughness increases.

This discrepancy results from the �lm growth mode in our experimental environment in

which islands are grown on top of the connected Py clusters. Taking this into account, the

relative contribution of the surface roughness to the damping becomes less dominant with

increasing �lm thickness.

The e¤ective damping constant �eff is determined using the extracted values of � [42].

For Py thicknesses of 9 nm, 18 nm, and 22 nm, �eff reach the values of 0.32, 0.19, and

0.13, respectively. The �eff values obtained from the experimental data are plotted in

�gure 5-3. These values are considerably higher than any reported damping constants of,

for example, 0.015 and 0.018 for 50 nm and 204 nm thick Ni80Fe20 �lms [43,44]. With

increasing thickness, �eff drastically drops and above 50 nm thickness it approaches the

lower values previously reported. The �t to experimental data reveals that �eff follows a

line inversely proportional to the �lm thickness, �eff / 1
tPy . The

1
tPy dependence of �eff

clearly indicates that the signi�cantly enhanced damping originates from surface e¤ects, i.e.

roughness.
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Figure 5-3: �eff extracted from experiment (open circles) and best �t (gray line)

using �eff = 1
!�
. The square symbol corresponds to the damping constant measured

for 204 nm thick Ni80Fe20 �lm (J. B. Youssef [42] )
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Conclusions

In conclusion, time-resolved magneto-optic Kerr e¤ect (TR-MOKE) was used to study the

in-situ magnetization dynamics of permalloy (Py) thin �lms grown under high-vacuum

(~10�8 mbar) conditions. The picosecond time-resolved probing of the magnetic response

allowed experimental determination of two important dynamic parameters, the precessional

frequency and the e¤ective damping constant, �eff , in the magnetic thin �lms. The two pa-

rameters show distinctively di¤erent �lm thickness dependence; the precessional frequency

remains at ~2 GHz for all the permalloy �lms investigated while �eff drastically decreases

with increasing �lm thickness. These results do not allow a signi�cant correlation of the

precessional frequency to the surface morphology to be made. In contrast, the magnetic

damping is found to be a very sensitive function of surface roughness, and an unusually

high value of �eff of 0.32 was found for the 9 nm thick permalloy �lm.

Future studies of these systems will be conducted using combinations of pre-patterned

substrates, other depostion techniques, and di¤ering modes of excitation. These methods

should enable more control over the exact growth of the �lms so that the surface mor-

phology can be more accurately controlled and the dynamics studied for di¤erent geometric

constraints. This will allow for a better understanding of the exact mechanisms responsible

for the dramatic increase in damping and perhaps lead to accurate control of the damping

in future devices.
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Chapter 8

Appendices

8.1 Appendix 1: Kerr E¤ect

The interaction of light and magnetism collectively called magneto-optical e¤ects, come in

two broad classes the Farady e¤ect which refers to transmitted light, and the Kerr e¤ect

which refers to e¤ects on re�ected light. To begin this we �rst need to introduce Jones

matrices. Jones matrices provide a convienient way to deal with polarization changes. For

example a left circualrly polarized (LCP) beam can ber represented by (with normalization

constants included for completeness) :

1

2

2641
i

375 (8.1)

while a right circularly polarized (RCP) beam is given by:

1

2

264 1
�i

375 (8.2)

Addition of the two vectors gives the result of combining a left and a right circularly

polarized beam.

1

2641
0

375 (8.3)

which is a beam linearly polarized along the x axis with an amplitude twice as large as

either component.
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Jones matrices are readily available for a number of di¤erent optical operations.

For example a half wave plate has a matrix:

2641 0

0 �1

375 (8.4)

To �nd the resultant polarization state of a LCP beam after it transits a half wave plate

we use matrix multiplication.

2641 0

0 �1

375 �
2641
i

375 =
264 1
�i

375 (8.5)

So the LCP beam is turned to a RCP beam by the half wave plate. Most texts on

optics have some description of Jones matrices. For example Fowles book , "Introduction

to Modern Optics," [45] has a short list of optical elements with their associated Jones

matirces, as well as a brief description of their use. A quick search of the internet produces

a number of related resources.

Now that the Jones matrices have been introduced we can follow the work of Stefan

Visnovsky, we begin by noting that the left and right circularly polarized waves have di¤erent

re�ection coe¢ cients.

r� =
1�N�
1 +N�

(8.6)

where : N = n� ik (8.7)

where the � is used to indicate the two propagation directions, RCP and LCP respec-

tively, and N is the complex index of refraction.

In Cartesian form the the incident and re�ected light is given by:

264Erx
Ery

375 =
264 rxx rxy

�rxy ryy

375
264Eix
Eiy

375 (8.8)

Here the 2x2 matrix is the cartesian representation of the Jones re�ection matrix and the

column vectors are the cartesian representation of the electric �eld.
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Transforming this into a CP representation we can write:

264Er+
Er�

375 = 2�1=2
264r+ 0

0 r�

375
264Eix � iEiy
Eix + iE

i
y

375 (8.9)

We can assume that the initial polarization of the beam is conincident with the x-axis

so that the complex terms on the right of equation 8.9 vanish.

264Er+
Er�

375 = 2�1=2
264r+ 0

0 r�

375
2641
1

375Eix = (2�1=2)(Eix)
264r+
r�

375 (8.10)

Taking the CP representation of the re�ected beam and converting it to a Cartesian

form again (for ease of comparison)

264Erx
Ery

375 = 2�1=2
2641 1

i �i

375 (2�1=2)(Eix)
264r+
r�

375 (8.11)

264Erx
Ery

375 = 1

2
(Eix)

264 r+ + r�

i(r+ � r�)

375 (8.12)

The ratio of the Ey to Ex shows the degree of polarization.

�r =
Ery
Erx

=
i(r+ � r�)
r+ + r�

= i
N+ �N�
N+N� � 1

(8.13)

From 8.13 it can be seen that if the re�ection coe¤ecients are identical then the degree

of polarization given by this ratio is 0 as expected since the initial polarization state was

assumed to be entirely along the x-axis. However if the re�ection coe¤ecients di¤er then

we get a non-zero ratio indicating that the electric �eld after re�ection has some (usually

small) component in the y direction. This change is the basis of the magneto-optic e¤ect

and although the above derivation is only applicable to a beam of normal incidence, similar

calculations can be done for other con�gurations. More details on other con�gurations

can be found in the book "Optics in Magnetic Multilayers and Nanostructures," by Stefan

Visnovsky [46]
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8.2 Appendix 2: Field Calculation

This appendix shows the mathematica code used to estimate the �eld strength of the excita-

tion coil. The code is based upon the Biot-Savart law which is given in any elementary text

on magnetism, for example Serway�s "Physics for Scientists and Engineers." In particular,

for an in�nitely long thin wire the Biot-Savart law gives the magnetic �eld at a distance

from a current carrying conductor as [47]:

B =
�0I

2�r
(8.14)

where: I is the current in the conductor, �0 is the permeability of free space ( 4� � 10�7),

and r is the distance from the conductor to the point of intrest.

We de�ne the following quantities; A �eld point P(x,y), an in�ntesimal area within the

rectangular coil dA(x0,y0), r the vector from dA to P, and � the angle between r and the x

axis. With some basic geometry we can rewrite some of these:

r =
p
(x� x0)2 + (y � y0)2 (8.15)

sin(�) =
(y � y0)p

(x� x0)2 + (y � y0)2
(8.16)

cos(�) =
(x� x0)p

(x� x0)2 + (y � y0)2
(8.17)

the current through an in�ntesimal is the current density:

j =
I

A
(8.18)

and �nally the component of the �eld along each direction is given by:

dBx =
�0j

2�

sin(�)

r
(8.19)

dBy =
�0j

2�

cos(�)

r
(8.20)
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Combining all of this together (ie eqn 8.15 and 8.16 into eqn 8.19) and integrating across

the area of the conductor yields:

dBx =
�0I

2�(2xa)(2ya)

Z xa

�xa

Z ya

�ya

(y � y0)
[(x� x0)2 + (y � y0)2]

dy0dx0 (8.21)

Evaluating the �rst integral in equation 8.21 gives:

dBx =
�0I

2�(2xa)(2ya)

Z xa

�xa
(
�1
2
Log[(x� x0)2 + (y� ya)2] +

1

2
Log[(x� x0)2 + (y+ ya)2])dx0

(8.22)

Numerical integration of the integral in 8.22 gives the x component of the magnetic �eld

in Tesla for a given point in space and a similar result can be derrived for the y component.

In the folowing code the magnetic �eld is calculated as a sum of two rectangular conductors.

The prefactor of 1
2000results from the prefactors already shown and 1*104 to convert the

units from tesla to gauss.

Code starts here.

(*Calculation of magnetic �eld near a transmission coil. Each side has a rectangular

cross-section of 2xa by 2ya in cm.

xa= half the line width

ya= half the line height

I = the current in Amps

hx = the x component of the �eld

hy= the y component of the �eld

*)

Needs ["Graphics�PlotField�"]; um=1/10^6 (*um is now a symbol for 10^-6 m*)

ClearAll[hx1, hy1];

(* setting hx1 and hy1. NIntegrate[ fcn, {x0, -xa, xa}] means numeerically integrate fcn

WRT x0 between -xa and xa *)

hx1 [x_, xa_, y_, ya_ ] := NIntegrate[-12Log [(x�x0)
2+(y�ya)2]+ 1

2Log[(x�x0)
2+
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(y + ya)2]; fx0;�xa; xag; AccuracyGoal! 6];

hy1 [x_, xa_, y_, ya_ ] := NIntegrate[-12Log [(y� y0)
2+(x�xa)2]+ 1

2Log[(y� y0)
2+

(x+ xa)2]; fy0;�ya; yag; AccuracyGoal! 6];

hx [I_, x_, xa_, y_, ya_ ] := Ihx1[x;xa;y;ya]
2000�xa�ya ;

hy [I_, x_, xa_, y_, ya_ ] := Ihy1[x;xa;y;ya]
2000�xa�ya ;

coil1=Table[ hy[0.9, x um, 10 um, 0.30 um, 0.150 um], {x, 0, 70, 0.1}]; (*only calculating

out of plane component here*)

coil2=Table[ hy[0.9, x um, 10 um, 0.30 um, 0.150 um], {x, 0, -70, 0.1}];

both=coil2-coil1;

position= Table[x, {x, -35, 35, 0.1}];

�eld=Transpose[{position,both}];

ListPlot[�eld];
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Figure 8-1: Plot of the calculated �eld distribution. The disconitiuities are from the

inside edge of each wire. The rectangle shows the approximate dimensions of the

probe beam.


