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Abstract

In this thesis, the results of pump-probe investigations of eledron and spin
dynamics in thin film metallic samples are presented. The sample is dimulated by
either an optically triggered magnetic field pulse or an intense light pulse. The sample
response is probed by means of a stroboscopic measurement of the changes in either the
intensity or the polarizaion state of a delayed light pulse (probe).

Due to the Magneto Optical Kerr Effed, this experimental technique is ®nsitive
to small amplitude deflections of the magnetisation from the ground state. The
magnetisation dynamics of small magnetic elements and element arrays were
investigated by means of time resolved optical measurements and micromagnetic
simulations. Most of the modes observed from the submicron elements could be
identified as falling on two branches charaderised by different frequencies. The
micromagnetic simulations showed that the magnetisation dynamics are nonuniform,
and so the frequencies and relative amplitudes of the modes from the two branches are
determined by the interplay between the exchange and demagnetising fields. In
particular, it was found that the dynamics are nonuniform even in the 64 nm element,
where the dominant mode is confined by the demagnetising field within the edge
regions of the element. Also, a theory of precessonal magnetisation dynamics and
relaxation in an exchange cupled magnetic double layer element of redangular shape
was developed in the maaospin approximation.

Using the opticd pumping configuration with an elliptically polarised pump, the
transient polarisation due to the Speaular Inverse Faraday Effect and the Speaular
Optical Kerr Effed were smultaneously observed in thin films of Au, Cu, Ag, Ni, Pd,

Ti, Zr, and Hf under identical experimental conditions. The magnitudes of the time
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resolved signals were used to extract the red and imaginary parts of the non-vanishing
components of the third-order optical susceptibility tensor. The temporal shapes of the
signals were used to extrad charaderistic time scales for the decy of the transient
polarisation, which were interpreted in terms of scatering of linear and angular
momentum of hot eledrons. A systematic variation of the signal magnitudes, the
temporal shapes, and the extraded tensor components was observed between different
metals that refleds their underlying band structure.

The optical pumping measurements were dso used to detect the transient
reflectivity of the samples listed above. By fitting the time resolved signals to analytical
solutions of the two temperature model equations in the high and low perturbation
limits, charaderistic time scales for the dedron-eledron and electron-phonon
thermalisation were derived. Two colour time resolved measurements, using a white
light continuum pulse & the probe, were performed upon an Au thin film, allowing
transient refledivity spedrato be recorded for different values of the pump-probe time
delay. The data may allow the dependence of the refledivity upon the eledron
distribution function to be determined, and hence provide ameans of determining the
latter as a function of the time delay without introducing any assumptions about

transient eledron dynamics.



List of Contents

Acknowledgments

Abstract

List of Contents

List of Figures

List of Tables

Declaration

I ntroduction

1 Background

1.1 Ferromagnetism

1.1.1 Ferromagnetism: Decisive Steps
1.1.2 Energetics of Ferromagnetism
1.1.3 Equation of Motion of Magnetisation
1.1.4 Kittel Formula
1.1.5 Magnetostatic Wave Modes in Ferromagnetic Films

1.1.6 Spin Waves in Ferromagnetic Elements. Time Resolved Scanning

Kerr Microscopy and Numerical Micromagnetic Simulations
1.2 Interaction of Pulsed Light with Matter
1.2.1 Generalised Reflection Coefficients

1.2.2 Magneto-Opticd Kerr Effed

12

18

19

22

26

26

26

27

31

32

33

35

40

40

41



1.2.3 Transient Temperature and Two Temperature Model Equations
1.2.4 Nonlinea Polarisation. SIFE and SOKE

1.3 Summary

2 Technique of Pump-Probe Experiments

2.1 Single Colour Optical Pumping Apparatus

2.2 Field Pumping Apparatus

2.3 Two Colour Optical Pumping Apparatus

2.4 Artefacts in Pump-Probe Measurements
2.4.1 Coherent Suppression of Magnetisation Precession
2.4.2 Refledivity Bregthrough to Transient Polarisation Signal
2.4.3 Ni film. Ultrafast Demagnetisation
2.4.4 Effed of Quarter Wave Plate Rotation
2.4.5 Zero Time Delay Position

2.5 Summary

3 Theory of Uniform Modes of Magnetisation Dynamicsin Rectangular Double

Layer Ferromagnetic Elements
3.1 Introduction
3.2 Macrospin Theory of Magnetisation Precession
3.2.1 Maaospin Model of a Spin Valve Element
3.2.2 Uniform Mode Spedrum and Damping
3.2.3 Signal Shapes in Time and Frequency Domains

3.3 Comparison with Experiment

42

a7

52

53

53

57

62

65

65

66

68

70

72

75

76

76

79

79

82

85

87



3.4 SUmmary 91

4 Time Resolved Scanning Kerr Microscopy | nvestigation of Spin Wave

Excitationsin Ultrasmall Magnetic Elements and Arrays 92
4.1 Introduction 92
4.2 Samples and Experimental Details 95
4.3 Experimental Results 98

4.3.1 6 um Square 98
4.3.2 Element Arrays 102
4.4 Micromagnetic Smulations 109
4.4.1 Detail s of Simulations 109
4.4.2 Results 114
4.5 Discussion 120
4.6 SUmmary 125

5 Measurement of Hot Electron Momentum Relaxation Times and Third Order

Nonlinear Susceptibility Tensor Componentsin Metals by Femtosecond

Ellipsometry 126
5.1 Introduction 126

5.2 Experiment 129
5.2.1 Experimental Detail s 129

5.2.2 Samples 129

5.2.3 Measurements with Elliptical Pump 130

5.2.4 Measurements with Linear Pump 133



5.3 Theory
5.3.1 Earlier Work and this Thesis
5.3.2 Simple Picture of Transient Optical Absorption
5.3.3 Model of SIFE and SOKE
5.3.4 Rate Equations
5.3.5 Simulations

5.4 Analysis and Discussion
5.4.1 Time Resolved SIFE and SOKE Contributions
5.4.2 Linea and Angular Momentum Relaxation Times
5.4.3 Third Order Susceptibility Tensor Components
5.4.4 Analysis and Significance of the Results

5.5 Summary

6 Transient Temperature Dynamics

6.1 Introduction

6.2 Theory
6.2.1 Kinetic Equation in Relaxation Time Approximation

6.2.2 Analytical Solution of the Two Temperature Model Equations

in the Low Perturbation Limit

6.2.3 Analytical Solution of the Two Temperature Model Equations

in the High Perturbation Limit
6.3 Experimental Results and Discussion
6.3.1 Single Colour Measurements

10

136

136

137

140

141

145

148

148

152

155

157

161

162

162

164

164

167

175

178

178



6.3.2 Two Colour Measurements
6.4 Summary

Summary

Appendix. List of Publications

Bibliography

11

185

190

191

195

198



List of Figures

1.1 Diredions of the different vedorsin the Landau-Lifshitz equation with

arelaxation term of the Landau form 32
1.2 The Damon-Eshbach spedrum of magnetostatic waves 34

1.3 10 pm permalloy element: An intensity image and series of TRSKM images of
the out of plane cmponent of the magnetisation distribution for the static magnetic

field parallel to an edge of the element 36

1.4 10 pm permalloy element: A series of TRSKM images of the out of plane
component of the magnetisation distribution are cmmpared with OOMM F
micromagnetic simulations for the static magnetic field applied parallel to an edge

of the element 37

1.5 10 pm permalloy element: A series of TRSKM images of the out of plane
component of the magnetisation distribution are cmmpared with OOMM F

micromagnetic simulations for the static magnetic field applied parallel to a diagonal

of the element 38
1.6 Geometry used in calculation of the generalised refledion coefficients 41
1.7 Ultrafast eledron dynamics in metals are schematicall y presented 43
1.8 Al: An example of the transient change of the reflectivity 45
1.9 The cdculated change of Au refledivity as afunction of photon energy 47

1.10 Eledron-hole mherent stateis shematically illustrated for interband and

intraband optical transitions 48

1.11 Pd: An example of the SIFE signal 49

12



1.12 (a) The polarisation rotation magnitude due to the SIFE in Ag as a function

of the orientation of the pump guarter wave plate in an experiment with an
elliptically polarised pump. (b) The polarisation rotation magnitude due to the
SOKE in Al as afunction of the orientation of the pump polarizer in an experiment
with alinealy polarised pump. (c) The helicity of the pump beamin (a) is
schematically presented for different orientations of the pump quarter

wave plate

2.1 (a) The gparatus used in the single wlour opticad pumping experiments.

(b) The gparatus used in the field pumping experiments

2.2 The design of the different types of structure used to generate the pulsed

magnetic field
2.3 The gparatus used in the two colour optical pumping experiments
2.4 Thetime resolved eledro-optic signals obtained from the LiNbO; crystal

2.5 Thetransient rotation signal measured from a Pd fil m for different orientations

of the probe polarizer
2.6 Ni: The transient polarisation response for different magnetic states

2.7 Ni: The temporal shape of the transient refledivity is compared to the transient
rotation response in the transverse MOKE configuration for different orientations

of the probe polarisation

2.8 Pd: The dependence of the rotation and refledivity signals and badground

levels at negative time delay upon the quarter wave plate orientation

2.9 Cu: (@) and (b) Transient refledivity signals measured simultaneously with

transient rotation and ellipticity, respectively, in order corresponding to the

13

50

54

60

63

66

67

68

70

71



orientation of the quarter wave plate. (c) The same signals in the order that

they were measured 73
3.1 The structure of spin valves 79
3.2 The geometry for the maaospin calculation 81

3.3 The dependence of the uniform mode frequencies upon the strength and

diredion of the in-plane static magnetic field 88
4.1 Scanning eledron microscope images of the studied element arrays 96

4.2 60 nm element: Typical time resolved Kerr rotation signals and their

Fourier spedrafor different values of the static field 98

4.3 60 nm element: The Fourier spedra of time resolved Kerr rotation signals

for different direcions of the static field 99

4.4 60 nm element: The dependence of the uniform mode frequency upon

the bias field magnitude 100

4.5 60 nm element: The dependence of the uniform mode frequency upon

the bias field direction 101

4.6 630 nm element array: Typical time resolved Kerr rotation signals and

their Fourier spedrafor different values of the static field 102

4.7 425 nm element array: Typical time resolved Kerr rotation signals and

their Fourier spedrafor different values of the static field 103

4.8 220 nm element array: Typical time resolved Kerr rotation signals and

their Fourier spedrafor different values of the static field 103

4.9 120 nm element array: Typical time resolved Kerr rotation signals and

their Fourier spedrafor different values of the static field 104

14



4.10 &4 nm element array: Typical time resolved Kerr rotation signals and

their Fourier spedrafor different values of the static field

4.11 The dependence of the mode frequencies upon the bias field magnitude

for the different element arrays

4.12 The dependence of the mode frequencies upon the element size for different

bias field magnitudes
4.13 The geometry for the micromagnetic simulations

4.14 The simulated spatial distribution of the static magnetisation in the different

elements for diff erent values of the static field

104

105

106

109

111

4.15 220 nm element: The simulated three @mponents of the arerage magnetisation

as functions of time after excitation by the pulsed magnetic field

4.16 220 nm element: The simulated spatial distribution of the out-of-plane
component of the magnetisation for different time delays after excitation with

the pulsed field

4.17 220 nm element: The simulated z-component of the arerage magnetisation

element as a function of time after the onset of the harmonic magnetic field

4.18 The Fourier spedra of the simulated z-component of the dynamic average

magnetisation of the different elements for different values of the static field

4.19 The simulated spatial distribution of the zcomponent of the dynamic

magnetisation for the modes observed in the experiment

4.20 The simulated spatial distribution of the zcomponent of the dynamic

magnetisation for the modes not observed in the experiment

15

112

112

113

114

116

117



4.21 64 nm element: The Fourier spedraof the zcomponent of the dynamic average
magnetisation for different values of the static field simulated using diff erent

cell sizes 118

4.22 The mode frequencies observed in the experiment and simulated with OOMMF

as afunction of the element size for different values of the bias field 120

4.23 The spatial distribution of the demagnetising field in different elements for

different values of the static field 121
5.1 Thetransient rotation signals obtained with elliptical pump 131
5.2 Thetransient ellipticity signals obtained with éliptical pump 132
5.3 Thetransient rotation signals obtained with linea pump 134
5.4 Thetransient ellipticity signals obtained with linea pump 135
5.5 The dfed of the pump excitation is schematicdly illustrated 138
5.6 The simulated dependence of the signal shape upon the relaxation time 146

5.7 The SIFE and SOKE contributions to the transient polarization response

obtained from the measurements with elliptical pump 149

5.8 The complex SIFE and SOKE magnitudes on the complex plane for different

samples 150

5.9 The extracted complex components yyxyy and yxyyx Of 2 onthe mwmplex plane

for different samples 157
5.10 The SOKE signals measured with linea pump 158

5.11 Zr: The dheck of the mnsistency of the procedure for separating the SIFE and

SOKE contributions 159

16



6.1 Au: The illustration of the goproximate representation of the spatial profile

of the injeded pump energy

6.2 Au: The simulated average transient electron and lattice temperatures
6.3 Thetransient reflectivity signals obtained from the noble metal films
6.4 Thetransient reflectivity signals obtained from the Ni and Pd films
6.5 Thetransient reflectivity signals obtained from the Ti and Hf films
6.6 Thetransient reflectivity signal obtained from the Zr film

6.7 Zr: The Fourier spedraof the diff erence between the measured signal and

the fit
6.8 Au: The transient refledivity spedra for different pump-probe time delays

6.9 Au: The mnstructed time resolved reflectivity signals for different probe

wavelengths
6.10 Au: Thefit of the refledivity signals for different probe wavelengths

6.11 Au: The extraded values of the eledron-phonon coupling constant as a

function of the probe wavelength

17

171

173

179

180

182

183

184

186

188

188

189



List of Tables

4.1 The dimensions of the elements and the element arrays gudied in the field

pumping experiments 95

5.1 The structural parameters of the samples investigated in the optical pumping

experiments 130
5.2 The temporal positions of the SIFE and SOKE pe&ks for the different samples 152

5.3 The parameters obtained by fitting of the SIFE and SOKE contributions to the

theory 153

5.4 The extracted red and imaginary parts of the non-vanishing components of y

for different metals 156

18



Declaration

Ecnu s1c 6 napmuio czpyounuce mansle,
Coaiica, epaz,
3ampu u na2!

B. B. Maskxosckuii®

This work represents the result of the joint effort of many people. The
contributions of my colleagues to the reseach presented in this thesis are outlined
below and will be a&nowledged more specifically throughout the main text of the

thesis.

Chapter 1. Background

The dhapter represents my own work apart from a few Figures taken from works
published by our group and ather authors. All the Figures are clearly identified and the

sources are referenced.

Chapter 2. Technique of Pump-Probe Experiments

The dapter represents my own work apart from the time resolved electro-optic
data (Figure 2.4 (a) and (b)). | must also note that the experimental basis for time
resolved measurements in Exeter had been huilt up by Dr. R.J. Hicken, Dr. J. Wu and
Dr. R. Wilks before | stated my PhD projed. Dr. A. Barman constructed the time-
resolved Kerr microscope. The two-colour optical pump-probe gparatus at the

Rutherford Appleton Laboratory was st up by Dr. P. Matousek and Dr. M. Towrie.

21f little ones have joined into a party,
Surrender, Enemy,
Stand still, and lie down!

19



Chapter 3. Theory of Uniform Mode M agnetisation Dynamicsin Rectangular

Double Layer Ferromagnetic Elements

The theory of uniform modes of a wupled ferromagnetic double layer element of
sguare shape was developed by myself, although Dr. R.J. Hicken had solved a similar
but less general problem in a dlightly different way before me. The Figures used to
illustrate an application of the theory to the experimental data were taken from works
that were pubdished by our group and are dealy referenced in the thesis. The time
resolved measurements in those papers were performed by Dr. A. Barman and myself,
with approximately equal contributions from two of us. The data analysis based upon

the maaospin model was performed by Dr. A. Barman and myself.

Chapter 4. Time Resolved Scanning Kerr Microscopy Investigation of Spin Wave

Excitationsin Ultrasmall M agnetic Elementsand Arrays

The samples and the transmisgon line structures were prepared by
Dr. JR. Childress and Dr. JA. Katine from Hitachi Global Storage Tednologies. The
photoconductive switches were made Dr. J. Scott and Dr. M. Rahman from the
University of Glasgow. Dr. A. Barman assembled the structure and performed some
preliminary measurements on the 6 um element. The rest of the measurements were
performed by myself. The data analyses including the OOMMF simulations were

performed by myself.

Chapter 5. Measurement of Hot Electron M omentum Relaxation Timesand Third
Order Nonlinear Susceptibility Tensor Componentsin M etals by Femtosecond

Ellipsometry, and Chapter 6. Transient Temperature Dynamics

The samples were prepared by Dr. M. Ali and Prof. B. J. Hickey from the

University of Leeds. Mr. A. T. G. Pym and Prof. B. K. Tanner from the University of

V.V. Mayakovskii
20



Durham performed X-ray analysis of the samples. | set up the single @lour optical
experiment and performed the measurements and the data analysis. Dr. P. Matousek
and Dr. M. Towrie from the Rutherford Appleton Laboratory in Oxford set up the two
colour experiment and helped me to perform the measurements. In both cases, |
performed the data analyses using atheoretical model that | developed myself.

The Labview software used for data aquisition in the time resolved
measurements was written by Dr. R. Wilks.

It is not possible to describe the @ntribution to this work by my PhD supervisor

Dr. R.J. Hicken, sinceit is present in every part of thisthesis.

21



Introduction

Ecmb monsko Muz mesicdy npoutivim u 6yoyuum,
H smom Muz nazwigaemcs /Kusus!

Jleonuo Jlepoenes®

A charaderistic feature of progressin modern solid state physics is the continuous
revision of the notion of an instant. Indeed, processes that had always been assumed in
classical physics to be infinitesimally short are now being acessd. The wegion of
victory is an ultrashort light pulse that can be produced by modern lasers', and the
strategy is the pump-probe measurement scheme®. The essence of the latter is that a
sample is excited by either an intense light or magnetic field pump pulse, and the
resulting dynamics are sensed by measuring changes in the energy and polarisation state
of a delayed probe pulse refleded from the sample. In more involved tedniques,
eledrons emitted to vacuum®, or second harmonic light* have to be @lleded. While
providing important information about various aspeds of fundamental physics,
including the mode spedrum of ultrasmall magnetic elements™®, and the strength and
charaderistic time scales of the interadion among eledrons, phonons, magnons, and
other quasiparticles™™*, progressin ultrafast investigations is simulated by the promise
of awealth of applicaionsin future dedronic devices®*,

The magnetic recording industry is the main benefactor of the results of ultrafast
studies of magnetic systems, although other opportunities exist for their use within

communicaion technology. The @ntinuing trend towards storing larger amounts of

®Thereisjust an Instant between the Past and the Future,
And thisInstant iswhat is called Life.
L. Derbenev
22



data has led to the reduction of bit and transducer sizes, on one hand, and to increased
record and replay rates, on the other. At present, information in magnetic data storage
devices is encrypted as the orientation of the in-plane magnetisation of small regions of
a ontinuous magnetic film*>.  The writing process is acomplished through the
applicaion of a magnetic field in the diredion opposite to that of the magnetisation, and
proceeals via thermally asssted switching on time scales of nanoseconds. A faster
recording scheme has been recently demonstrated that is charaderized by precessonal
motion of the magnetisation of a small magnetic element on time scaes of a few
hundreds of picoseconds'®'’. However, before this technique can be implemented in
working data storage devices, several isaues, including the aherence of the precessional

1920 reto be resolved.

switching>*® and the origin of the magnetic damping

Discovery of the ultrafast demagnetisation phenomenon®* promised a further
increase of the recording speed. This relies upon the llapse of the spontaneous
magnetisation following the absorption of an ultrashort laser pulse®’. The magnetisation
vedor may then rever in anew direction in a suitably applied small magnetic field®®,
For the latter, a dreularly polarized light pulse might be used®, in which case an all-
optical magnetic switching would take place. Alternatively, the laser pulse may be used
to locally induce alessdrastic modificaion of magnetic parameters of the recording

2526 or the exchange bias”’. The magnetisation reversal

medium, such as the anisotropy
of the modified volume is then completed by applicaion of a magnetic field pulse with
amplitude that is too small to affed the unpumped volume of the medium. This
technique has been called hea assisted magnetic recording®. A key issue for both of
these goproacdhes is the development of efficient sinks for the excesshed.

In this thesis, the results of my honest endeavours to further shorten the notion of

an instant are presented. Once a&ain, | want to note that these ae results of

coll aborative reseach, and the antributions of my colleagues will be a&nowledged in
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the gpropriate places within the thesis. | decided to include to the thesis only those
results the major part of which was obtained solely by me. Hence, results of my field
pumping experiments that were pulished in Ref. 6,29-34 do not congtitute a separate
chapter in this thesis, athough | have performed about a half of the time resolved
measurements for those papers. However, | use some of the data, as well as other data
that are not presented separately in the thesis, for the purpose of illustration in the first
two chapters, and for the testing of the theoreticd model developed in chapter 3.

In chapter 1, the general physical badkground of my study is introduced. | sart
from a discusson of the physics of ferromagnetism and spin waves in micron sized
magnetic elements. The basic equations and formulae ae presented, including the
Landau-Lifshitz equetions of motion of the magnetisation and the Kittel formula. As
the theory of the magnetisation dynamics in small magnetic elements is very
complicated, | use both time resolved scanning Kerr microscopy and micromagnetic
simulation images in order to introduce the reader into this field of magnetism. |
continue with a short discusson of the physics of the interadion between short light
pulses and matter in which the two-temperature model equations and the formulae
describing the third order nonlinea polarisation effects in metals are introduced.

Chapter 2 is devoted to the description of the pump-probe apparatus used in the
experiments. Spedal attention is paid to the discussion of the experimental artefads
that may be present in pump-probe measurements, and of the means of their separation
from the measured signal.

In chapter 3, a theory of uniform mode magnetisation dynamics in double layer
ferromagnetic elements of redangular shape is developed. Analytical results for the
dependence of the mode frequencies and damping, and the signal shapes in the time and
frequency domains upon the magnitude and diredion of the bias magnetic field are

obtained in the maaospin approximation.

24



Chapter 4 is devoted to investigations of magnetisation dynamics in arrays of
square magnetic elements.  First, | present results of time resolved scanning Kerr
microscopy experiments on a6 pum element and square 4 um arrays of sub-micron sized
elements that were made of permalloy and had thickness of 2.5 nm. The elements of
sub-micron size possessed modes with frequencies that differed from the maaospin
prediction. Using the micromagnetic simulations performed for single elements of the
same size, the frequencies could be identified as localized spin wave modes.

In chapter 5, | present results of time resolved ellipsometric measurements made
upon Au, Cu, Ag, Ni, Pd, Ti, Zr, and Hf thin films. Using an elliptically polarised pump
beam, the decay of the optically induced polarisation of the sample was observed.
Charaderigtic relaxation times were extraded and interpreted in terms of scatering of
linea and angular momentum of hot electrons through the gplicaion of a specially
developed model. Also, the components of the third order optical susceptibility tensor
are xtraded. A systematic variation is observed between different metals that refleds
their underlying band structure.

In chapter 6, | study time resolved refledivity signals from the samples described
in the previous chapter. | derive two analyticd solutions of the two temperature model
equations corresponding to the low and high perturbation limits, and apply them to the
transient refledivity signal, assuming proportionality between the transient reflectivity
and eledron temperature. This allowed the electron-eledron and eledron-phonon
thermalization times of the samples to be etracted. Finally, two-colour TR
experiments with a white light continuum pulse as the probe ae described with the aim
of understanding limits of applicability of the above made aswumption of the

proportionality between the transient refledivity and electron temperature.
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Chapter 1. Background

In this chapter, the physics underlying the phenomena studied in this thesis wil | be

introduced.

1.1 Ferromagnetism

1.1.1 Ferromagnetism: Decisive Steps

Although it has been known since ancient times that some materials possess
magnetic properties, the idea that magnetic materials contain smaller magnets,
representing "moleaular currents’, was only introduced in the 1%h century by
Ampere®. The first quantitative theories of paramagnetism and ferromagnetism were
developed in the 20th century by Langevin®® and Weiss®’, respedively. The quantum
mechanicd nature of the Weiss moleaular field was discovered twenty years later by
Heisenberg®®, Dorfman® and Frenkel*®. They showed that the moleaular field isa aude
representation of a more complicated exchange interadion. The latter originates in
eledrogatics and the Pauli exclusion principle. It was redised later that the magnetic
anisotropy (Akulov*!, Bedker*?, Honda and Kaya®®) and the magneto-dipole interadion
(Frenkel and Dorfman®, Bloch®, Heisenberg*®) must be also taken into account in order
to explain the domain structures observed in ferromagnets.

The decisive step was taken by Landau and Lifshitz*” in 1935 who applied the
variational principle to obtain a phenomenological description of the statics, dynamics
and the relaxation of magnetisation of a magnetic body. According to this principle, the
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equilibrium spatial distribution of the magnetisation M (r) corresponds to a minimum of
thetota free energy of the body. This approach was developed further by Brown?®. Al
observed domain patterns could in principle be predicted from Brown's differential (so-
called micromagnetic) equations®®

MxH, =0, (1.1.1)
where He is the effective field, defined as the functional derivative of the density of the

free energy w with respect to M

He=——. 112
e = (112)

It follows from equation (1.1.1) that in equilibrium the magnetisation is aligned

parallel to the dfedive magnetic field.

1.1.2 Energetics of Ferromagnetism

The static configuration of the magnetisation and, as we will seg its dynamics and
relaxation are determined by the interplay between the different energy contributions to
the total free energy w in the expression for the effedive magnetic field (1.1.2). Both
the material parameters and the shape and size of the system are important. The latter
control fine feaures of the interplay between the exchange and dipolar interadions.

In a ferromagnetic material, the magnetic moments of individual atoms are
strongly coupled and aligned by the exchange interadion. Hence the material may
possessa finite magnetisation even in the @sence of any external magnetic field. The

exchange energy density term we, may be defined phenomenologically as™

w,= 5 A DY G‘EE (1.1.3)

s X 0X;

where A isthe exchange stiffness constant and x; are the Cartesian coordinates.
When the temperature is increased above the Curie temperature®, the exchange

energy becmes comparable to and then smaller than the kinetic energy of atoms™. The
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spontaneous magnetisation disappeas and the material becomes paramagnetic. Below
the Curie temperature, a ferromagnetic specimen does not necessarily exhibit a
maaoscopic magnetic moment in the ésence of an applied field. Thisis explained by
the existence of magnetic domains®. The magnetisation inside eah domain is aligned
but the relative alignment of the different domains depends upon the magnetic history of
the sample. This phenomenon is called magnetic hysteresis’?. In particular, the
magnetic moments of neighbouring domains may be aligned antiparallel so as to
minimise the magneto-dipole contribution to the magnetic free energy. In this case, the
entire specimen may have ze&o net magnetic moment.

The magnetodipole interadion is the magnetogtatic interadion of the magnetic
dipoles of atoms*®*3, It plays a major role in ferromagnets in spite of the fad that it is
several orders of magnitude wesker than the exchange interadion®®. Because of the
isotropy of the latter, the magneto-dipole interadion together with the magnetic
anisotropy defines the non-uniform distribution of the magnetisation, i.e. the domain
structure®?. Its energy density may be written as

1
W ==2Ha M, (1.1.4)

where H, =-0¢ is the demagnetising field and the magnetodtatic potential ¢ is

determined from

F(r) = ;dr'Ew (), LE (115)

=
where the integration is performed over the volume of the sample®®. One of the most

important feaures of the magneto-dipole energy is its long range nature. This means

that its density is not a dharaderistic of the local magnetic state, but is defined by the

2 The magnetodipole interadion becomes important on length scaes greaer that the so-

called exchange length defined as |, = /A | /2rM 2 %,
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magnetic state of the entire sample, which involves additional integration®. It can be
shown that the demagnetising field defined above represents a rigorous solution of the
magnetostatic Maxwell equations™.

For auniformly magnetised sample, the demagnetising field can be represented as
Hqy(r) =-N(r)M , (1.1.6)
where the demagnetising tensor is defined as

- 9° dr’

N, (r) = e I—|r S (11.7)

For a sample with the ellipsoidal shape, components of the tensor are mnstants and the
demagnetising field is uniform aaoss the sample®. Since the @mponents of the
demagnetising tensor are generally not equal, the demagnetising field is different for
different orientations of the sample magnetisation, giving rise to the magnetic shape
anisotropy. For an infinitesimally thin magnetic film, the shape of which can be
considered as a limiting case of an ellipsoid, the energy density of the shape anisotropy
can be written in asimple form*
w, =2nM ?(ulh)?. (1.1.8)

In a non-€ellipsoidal sample, the shape anisotropy is also present, but has a much
more involved charader, as the magnetisation is generally not uniform in this case™.
The demagnetising field varies drongly aaoss the sample, which makes analysis of
static and dynamic phenomena in such samples very complicated.

There ae also other types of the magnetic anisotropy such as the aystalline,
strain-induced, and surfaceanisotropies'®. In bulk materials, the magnetisation is more
easily saturated along certain crystallographic axes, which are alled essy axes. This
effed is due to the magneto-crystalline anisotropy. For instance, in magnets of cubic
symmetry there ae three mutually perpendicular easy axes, while for hexagonal
symmetry, the eay axis lies along the hexagonal c-axis™. In thin magnetic films, the
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magnetic anisotropy is very different from that in bulk materials because of the broken
symmetry of surfaces and interfages, and the strains induced either by the mismatch
between the film and substrate lattice structures, or by magnetic field applied duing the
sample growth. For a discussion of the magneto-crystalline anisotropy in thin magnetic
films seChapter 2 of Ref. 55.

The main source of these types of the magnetic anisotropy in a thin film is the
spin-orhit interadion that couples the total magnetic moment (spin plus orbital) to the
crystal axes™. The lower symmetry at the surface of the ultrathin film strongly modifies
this interadion, leading to the surfaceanisotropy®®. Together with the overlap of the
neighbouring atom’'s wave functions, the spin-orbit interadion is also responsible for
the magneto-elastic or magnetostrictive anisotropy when the system is grained®®,

The most frequently observed anisotropies are the uniaxial anisotropy with energy
density

w, = -K,(uk)?, (1.1.9)
and surface anisotropy which in the limit of an infinitesimally thin film has energy
density

2K,

Ws === (ulh)?, (1.1.10)

where d, K, and Kg are the film thickness, and the uniaxial and surface anisotropy
constants, respedively. The unit vedors k and n are parallel to the uniaxial anisotropy
easy axis and the film normal, respedively. The energies of the surfaceand thin film
shape anisotropy have the same form, and are difficult to distinguish. Hence a single
effedive shape anisotropy term is often used

Wy = 27M 2 (um)?, (1.1.11)

where My is the effedtive sample magnetisation®®.
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Finally, the energy density due to an external magnetic field is given by the
Zeeman term

w, =-H M. (1.1.12)

The external field H in this expression may have various origins. For example, it

may be astatic bias field, a time dependent pulsed or harmonic field, or an exchange

bias field. The latter is a representation of a more complicated effed caused by the

presence of an antiferromagnetic layer in a multilayer sample. The aitiferromagnetic

layer causes the magnetisation of a neighbouring ferromagnetic layer to point in a

particular diredtion when other effedive fields are ésent™. It isimportant to remember

that the exchange bias is an interfacial effect, and its grength is inversely proportional

to the magnetic film thickness.

1.1.3 Equation of Motion of M agnetisation

The magnetisation dynamics and relaxation due to the influence of forces that act
to reduce the net free energy of the ferromagnet™® are described by the Landau-Lifshitz
equation®®

oM

= —y[M xH_]+R, (1113

where y=guglh is the magnetomedhanical ratio, g is the Landé g-fador, u3 is the Bohr
magneton, % is the Planck constant, and the most general form of the relaxation term is
given by

R=aH, - (0O, )H,, (1.1.14)
where &, and i, are the relaxation tensors'®>’. For a description of processs that
preserve the magnitude of the magnetisation, this may be reduced to either the Landau-
Lifshitz*’

R, = —%[M x[M xH_]], (1.1.15)
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or Gilbert®’

a oM [
R.=— —
kY a/l X p E (1.1.16)

form, where A and a are the Landau and Gilbert damping constants, respectively. The
two relaxation terms are equivalent in the limit of small damping™®.

As shown in Figure 1.1, the first term on the right hand side of equetion (1.1.13)
makes the magnetisation precess around the dfedive field vedor, while the second
(relaxation) term, which is assumed to be of the Landau form, makes it relax towards
the instantaneous equilibrium diredion that is paralel to the effective field vector. Note
that the damping constants are usually very small so that the relaxation term has a much
smaller magnitude than shown in Figure 1.1.

For a description of phenomena with a varying magnetisation magnitude, such as
hea assisted magnetic recording?®, the modified Bloch equation (also known as the

Bloch-Bloembergen equation) may be used®.

1.1.4 Kittel Formula

According to equation (1.1.13), after having been displacel from the equilibrium

orientation, the sample magnetisation begins to precess about the diredion of the

-2 M ]

He _V[MXHE]

Figure 1.1 Diredions of the different vedorsin the Landau-Lifshitz equation with a

relaxation term of the Landau form are sketched.
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instantaneous effedive field, as $1own in Figure 1.1. The precession may be spatially
nonuniform.  Any spatial nonuniformity can be represented as a superpostion of
Fourier components with different wavelengths. These components are known as in
waves™. The frequency of the spin wave depends upon the wavelength, and its
calculation is generally a difficult task. However, the caculation becomes much
simpler in the cae of a body with uniform static magnetisation.

Let us consider an ellipsoid unformly magnetised in the diredion of a uniform
constant external field H that is parallel to one of the aes of the ellipsoid. The
demagnetising tensor (1.1.7) then becomes diagonal, and the frequency of the spatially

uniform precesson, in the absence of magnetic anisotropies other than the shape

anisotropy, is given by the famous Kittel formula®®

W=y, J(H+(Ny =N, )M)(H +(N,, -N_)M),, (1.1.17)
where the wordinate system is chosen so the zaxisis parallel to the goplied field. For a

thin fil m magnetised within its own plane, this formulareduces to

w=yH(H +47M). (1.1.18)

As one can seethe exchange interadion does not affed the uniform preaession

sincethe exchange energy (1.1.3) vanishes in this case.

1.1.5 Magnetostatic Wave Modes in Ferromagnetic Films

The wavelength of spin wave modes excited within a particular sample scales
with the charaderistic size of the nonuniformities of the internal effedive field®®. The
latter in a patterned element are caised by the nonuniformities of the internal
demagnetising field and scde with the element size Hence for an element of micron
size the wavelengths of spin wave modes will be aout 1 pum, which islong compared to
the interatomic spadng. In thisregime, the exchange interadion is of lesser importance

than the magnetodipole interadion, and can be neglected in the first order
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approximation. The modes excited under these @nditions are known as magnetostatic
or Walker modes™.

The magnetostatic modes of an infinite ferromagnetic slab were studied first by
Damon and Eshbach®. They represented the sample magnetisation as a sum of the
saturation magnetisation in the zdiredion, the ground state of the system, and a small
time dependent perturbation. Hence, the internal magnetic field was the sum of the
static field and the dynamic dipole field generated by the time dependent part of the
magnetisation. By solving the Landau-Lifshitz equation and Maxwell magnetostatic
equations™® with appropriate boundary conditions, they obtained a general solution of
the problem. The spedrum of the magnetostatic modes is graphically presented in
Figure 1.2.

The spedrum consists of a surfacemode and a manifold of volume modes. For
zero wave number, the modes converge to the uniform node. The mode with an in-
plane wave vedor perpendicular to the static magnetisation is called the surface or

Damon-Eshbach mode. The wmponent of the wave vedor of this mode that is

Uniform M ode_ Surface Mode

Bulk Modes

Figure 1.2 The Damon-Eshbach spedrum of magnetostatic waves is plotted (taken
from Ref. 61). The wordinate system used in the clculation is also
shown in the inset.
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perpendicular to the film plane is imaginary, and the amplitude of the oscillation decays
from the surface to the bulk of the film. The modes with an in-plane wave vedor
parallel to the static magnetisation are known as badkward volume magnetostatic wave
modes. Their wave vedor component that is perpendicular to the film plane is real, and
the amplitude of the oscillation in these modes can be greder in the bulk of the film
than nea the surface They are clled “backward” because their frequency deaeases as

the wave number increases, and hencethe group velocity is negative.

1.1.6 Spin Waves in Ferromagnetic Elements. Time Resolved Scanning Kerr

Microscopy and Numerical Micromagnetic Simulations

Magnetisation dynamics in small elements of non-ellipsoidal shape ae very
different and much more wmplicaed. However, they may be investigated
experimentally by time resolved scanning Kerr microscopy (TRSKM) and theoretically
by numerically solving the Landau-Lifshitz equation using finite diff erence methods.

Figure 1.3 shows images of the distribution of the out-of-plane component of the
magnetisation in a 10 um square permalloy element of 150 nm thickness aqquired at
different times after excitation of the sample by a small in-plane pulsed magnetic field®..
The grey scale represents the instantaneous value of the out of plane cmponent of the
magnetisation, so that bladk and white correspond to the magnetisation tilting in and out
of plane. One @n seethat for the static field of 288 Oe the precession is initialy
uniform with nonuniformity developing from the edges as sen in the image & 170 ps.
At later times a regular pattern of stripes forms with an antinode & the cantre of the
element (880ps). The amplitude of the precession decays with time, and the mntrast in
the image & 1440 ps is en to be deaeased. The wave vedor of the nonuniform
magnetisation is perpendicular to the stripes and hence parallel to the gplied static
magnetic field. This suggests that the stripes are assciated with badkward volume

magnetogtatic waves excited in the sample. For the static field of 76 Oe, the precession
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is nonuniform from the outset. The image & 100 ps uggests that a domain structure is
present before the pulsed field is applied. The magnetisation dynamics begin by
moving orthogonal to the in-plane pulsed field and the static magnetisation. The
magnetisation may be defleded either in or out of the film plane within the different
domains and so a strong contrast is observed within the dynamic image. At time delays
of 200 and 950ps the image shows an increasingly irregular pattern of contrast

throughout the entire aeaof the element.

1440ps 950ps

Figure 1.3 An intensity image and series of TRSKM images of the out of plane
component of the magnetisation distribution at different pump-probe
time delays are shown for two values of the static magnetic field applied
in the vertical diredion (taken from Ref. 31).
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Figure 1.4 A series of TRSKM images of the out of plane @mponent of the
magnetisation distribution at different pump-probe time delays (b) are
compared with OOMMF micromagnetic simulations (c) for the static and
pulsed magnetic fields as shown in (a). The static magnetisation (d) and
effedive field (e) are dso shown (taken from Ref. 33).

The micromagnetic simulations qualitatively reproduce the observed magnetic
images. In order to ill ustrate this, Figure 1.4 (b) and Figure 1.5 (b) show experimental
images of the distribution of the out-of-plane cmponent of the magnetisation in the
same element aaquired at different times after excitation of the sample by a small in-
plane pulsed magnetic field*3. The relative orientation of the static and pulsed magnetic
fields is shown in Figure 1.4 (a) and Figure 1.5 (a). Figure 1.4 (c) and Figure 1.5 ()
show the distributions of the out-of-plane wmponent of the magnetisation in the

element simulated using the objea oriented micromagnetic framework (OOMMF)
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padkage®’. Using OOMMF, one can also simulate the satic distributions of the
magnetisation and the effedive field in the element that are shown in Figure 1.4 (d) and
Figure 1.5 (d), and Figure 1.4 (e) and Figure 1.5 (e), respectively. These allow us to
understand why the magnetisation dynamics are different when the static field is applied
parallel to an edge axd a diagonal. In the latter case, the effedive field is very
nonuniform at the centre of the element, and the nonuniformity of the magnetisation
propagates from the entre towards the corners of the element. In the cae of the static

field parallel to the edge, the dfedive field is nonuniform in the vicinity of the element

—> (a)

h(?)

70 ps 960 ps  (b)

(c)

.(d)

Figure 1.5 A series of TRSKM images of the out of plane cmponent of the

magnetisation distribution at different pump-probe time delays (b) are
compared with OOMMF micromagnetic simulations (c) for the static and
pulsed magnetic fields as shown in (8). The static magnetisation (d) and
effedive field (e) are dso shown (taken from Ref. 33).
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edges from where the nonuniformity in the magnetisation then propagates towards the
centre of the dement. The excitation and subsequent dephasing of spin waves explains
the ealier observation of an anisotropic gpparent damping of time resolved signals

measured in this element®.
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1.2 Interaction of Pulsed Light with Matter

1.2.1 Generalised Reflection Coefficients

When light is incident upon a plane surface, only some part of its intensity is
reflected. The refleded intensity I, may be written as I,=I;R (R<1), where |; and R are
the incident light intensity and the sample refledtivity, respedively®®. The magnitude of
R depends upon both the wavelength and polarisation of the incident light and the
optical properties of the sample. Phenomenologically, the response of matter to any
external eledric field can be described by the dieledric tensor ¢. For an otherwise
isotropic medium with magnetisation M =Mu,

H 1 u,Q —iquE

g=et+iu,Q 1 iuQ L, (2.2.2)
HiuQ -iu,Q 1

where ¢ isthe dieledric constant, and Q is the Voigt constant®,®.

Using the Jones matrix formalism, one can obtain the refledivity for light linealy

polarised at an angle 6 to the plane of incidence

_ 2 21 . 2 2
R—(rss| + )sm 9+(rpp| +

os lsp

1 * * .
z)cos? 0+ (rssrSp A )sm2 6, (1.2.2)

where r, I'pp, ', @nd rps are the complex Fresnel refledion coefficients for a non-
magnetic®. For light refleded from the surface of a magnetic sample the reflection
coefficients were derived in Ref. 66, 67 to the first order in Q by solving the Maxwell
equations at the surface with appropriate boundary conditions

_ N,cosf, —n, cosh,
rSS - A ~ ) (123)
f, Cosf, + N, cosh;

_ Nn,cosf, —H,cos0, N 2iQn, N, cosd, sinb,u,
" fi,cos, +f,cosd, (A, cos, +1,cosh, )’

(1.2.4)
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r iQA,A, cosd, (sin6,u, —cosA,u, )
* cos, (A, cosd, + A, cosh, ), cosh, + A, cosh, )’

(1.2.5)

o iQA,A, cosh, (sin6,u, +cosA,u, )
®  cos, (A, cosh, + A, cosA, )(A, cosh, + A, cosh, )’

(1.2.6)

where 6, and 6, are the angles of incidence ad refradion shown in Figure 1.6, and A,

and n, (n =Je, iI=0,1) are the indices of refradion for air and the sample,
respedively. For ametal, 6, and A, are complex numbers®®. The Cartesian coordinate

system is defined so that the zaxis cants out of the sample perpendicular to its surface,
and the x-axis points parallel to the projedion of the optical wave vedor onto the

sample surface as shown in Figure 1.6.

1.2.2 Magneto-Optical Kerr Effect

Acoording to equations (1.2.3) and (1.2.4), the diagonal reflection coefficients rs
and rp, are generally not equal, and hence, linealy polarised light incident on a non-
magnetised metal surfaceis refleded with ellipticd polarisation. Only light polarised
parallel (p-polarised) or perpendicular (s-polarised) to the plane of incidence does not
change its polarisation. As o0n as the metal is magnetised, an incident p- or s

polarised beam is also refleded with modified polarisation. Light that is initially

Figure 1.6 Geometry used in the alculation of the generalised refledion
coefficients is shown (taken from Ref. 67).
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linealy polarised is reflected with elliptical polarisation and the main axis of the ellipse
Is rotated with resped to the ais of the incident beam. This effect is called the
magneto-optical Kerr effed (MOKE)®*®. For incident p-polarised light, the rotation of

the major axis of the ellipse is given by the Kerr rotation angle

B, B
K == Rel]_ D1 12
Hep B 20

and the ellipticity is given by the Kerr ellipticity angle

K = lm%rs—"%- (1.2.8)
Hw B

Using equations (1.2.4)-(1.2.8), one can distinguish three different MOKE
geometries that differ by the diredion of the magnetisation relative to the plane of
incidence of light. In the polar Kerr effed, the diredion of the magnetisation is
perpendicular to the sample surface. The dfed vanishes for grazng incidence The
polarisation change is larger than in the other two configurations. In the longitudinal
Kerr effed, the diredion of the magnetisation lies in the plane of the film and in the
plane of incidence The effed vanishes for perpendicular and grazing incidence. Inthe
transverse Ker effed, the diredion of the magnetisation again lies in the plane of the
sample but is perpendicular to the plane of incidence In contrast to the other two
effeds, the intensity, but not the state of polarisation of p-polarised light is changed. In

the first approximation, these effeds are linearly proportional to the magnetisation of

the sample, and hencethis phenomenon is also referred to asthe linea MOKE.

1.2.3 Transient Temperature and Two Temperature M odel Equations

Formulae (1.2.2)-(1.2.8) have very important consequences. They show that
measurements of the intensity and polarisation of the reflected beam can provide
information about the eledronic state and the magnetisation of the sample. If pulsed

laser light is used, this information will correspond to a cetan interval of time
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determined by the time of arrival and duration of the pulse. Furthermore, afradion 1-R
of the incident optical intensity is absorbed in the sample, changing its eledron
distribution and, hence also its refledivity. This brings us to the ideaof a pump-probe
experiment in which the sample is excited by a pump pulse and the modified refledivity
is measured using a delayed probe pulse.

As shown in Figure 1.7, when an ultrashort pump pulse is absorbed, a so-cdled
non-thermal (also referred to as hot, or non-Fermi) eledron population is creaed®®®.
The energy injeded into the dedron subsystem is redistributed among electrons via the
eledron-eledron scatering. A new Fermi distribution, corresponding to the transient
eledron temperature T, is established on femtoseamnd time scales. This process is
referred to as electron thermalisation. Energy is subsequently transferred to the lattice

via eledron-phonon scatering on picosecond time scaes. Both thermal and non-
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Figure 1.7 Ultrafast eledron dynamics in metals are schematically presented.
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thermal electrons may participate in the latter process while the relative importance of
the two processes is determined by the phonon spedrum’®. At ead stage, the wmbined
eledron-phonon system is continuously cooled by heat transport into the substrate and
in the lateral diredions®. These processes are often modelled wsing the two temperature
model equations’*

aT,

Cos =-G(T,-T,)+0(,.OT,)+ Z.(t.r), (1.2.9)
oT, _ -
G5 = G(T,-T,)+0(,, 0T, )+ = (t,r). (1.2.10)

In these equations, T, isthe transient lattice temperature, while C;, x and C, x. are
the hea cgpacities and conductivities of phonons and eledrons, respedively. These
parameters are generally temperature dependent, and so the equations are non-linea.
The equations are wupled through the term proportional to the difference between the
transient temperatures of eledrons and phonons, and the eledron-phonon coupling

constant G. Terms _. and _, describe the processof energy injedion into the dectron

and phonon subsystems, respedively. These ae alculated from the kinetic equations
for the “hot” state of the system’.

For the purpose of illustration, Figure 1.8 shows a time resolved refledivity signal
measured from an Al film of 45 nm thickness sputtered onto a Si substrate. The inset
shows the same signal at short time delays. The signal was fitted to the analytica
formula derived in a later chapter of this thesis. The different stages of the system
equilibration can be observed. Stagel corresponds to the process of eledron
thermalisation with a charaderistic relaxation time of about 30 fs. Stage 2 corresponds
to the hea transfer from the electron subsystem to the lattice with a dharaderistic time

of about 1.9 ps. During this gage alattice strain develops that then propagates from the

heaed surfaceof the film towards the substrate’. Although rot clea in this example,
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Figure 1.8 The transient change of the refledivity of an Al thin film excited by a
pump pulse is shown as a function of the time delay between the pump
and probe pulses. The symbols are data points, and the solid line

represents a theoretical fit. The dashed line shows the pump pulse
profile.

thisis sen as oscill ations (3) with frequency of about 90 GHz that arise from refledion
of the amustic wave from the film-substrate interface This is superposed upon the
cooling die to hed transfer to the substrate during stage (4), which takes placeon time
scales of about 0.5 ns.

In order to interpret the reflectivity signal obtained from the pump-probe
experiment, one needs to relate the transient eledron temperature to the dange in the
dieledric tensor. For cubic nonmagnetic aystals where the diagonal components of the
dieledric tensor are dl equal to the same @nstant c and the non-diagonal components

are gjual to zero, the relation was given in Ref. 4
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(1.2.11)

%“ %bk|p,|b k')(b'k'|p;|ok )
bt

kkbb ia

(Ebk — B )%bk - Eb’k’ ~h,, -2

bb’

E‘fo (Eb’k’ ) -1 (Ebk )]1

where wp is the plasma frequency, e is the energy dependent relaxation time of the

conduction eledrons, (bk|p|b'k’) is the matrix element for bk - b'k’ transitions,

by 1S the corresponding relaxation time, E,, isthe energy of the state |bk>, and

ox E, —E-(T.) 1 (1.2.12)
keTe

is the Fermi-Dirac distribution function at energy E,, . The Fermi level Er depends

upon the electron temperature T, as

-k

where Eg, is the Fermi energy at zero temperature, and kg is the Boltzmann constant.

The first two terms and the last term in equation (1.2.11) describe contributions to the
dieledric constant due to the intraband and the interband transitions, respedively, which
are discus=d in the next sedion and schematically sketched in Figure 1.10.

Figure 1.9 shows the refledivity change in Au that was calculated in Ref. 4 using
equations (1.2.11)-(1.2.13). At low temperature, it vanishes at a photon energy
corresponding approximately to optical transitions from the top of the d-band to the s-p-
band. This photon energy is also referred to as interband transition threshold. The
reflectivity change is negative for photon energies below this threshold, and positive for
photon energies above it, becoming negative again, as the photon energy is increased

further.
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Figure 1.9 The alculated change of Au refledivity as a function of photon energy
Is shown for five different temperatures. The refledivity was
normalised to that at room temperature (taken from Ref. 4).

1.2.4 Nonlinear Polarisation. SIFE and SOKE

The interadion between light and matter can be viewed as the aedion of a
coherent quantum superposition of initial and final eledron states that has an associated
polarization®, as sown in Figure 1.10. The coherence between states with different
wave vedor requires an intermediate virtual state and the presence of a herent
phonon. A transition between the initial and final states may occur when the wherence
of the system is broken either due to the finite width of an opticd wave padet or by
scatering from the environment. The transition results in the absorption of a photon
and the aedion of a hot eledron-hole pair. Otherwise, the photon is re-radiated with a
different phase and, perhaps, polarisation.

The time demherence time T2 , which hes also been called the dephasing time, is
equal to (1/2T1+1/To) ™, where T; and T are the inelastic (energy) and pure dephasing
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(elastic linea or angular momentum) scatering times®. Values for T, , T1 and T have
been deduced from TR two-photon photoemisson (TR-2PPE), although their physical

interpretation is not straightforward®’>"

. The induced polarisation may persist for a
time T that is greaer than T if the hot eledron-hole pair retains ©me memory of the
injeded linea and (or) angular momentum after a scatering event.

The pump induced transient polarisation of the medium modifies the polarisation
state of a time delayed probe pulse. Phenomenologically, this processcan be regarded
as a transient pump induced linear or circular birefringence, also called the Speaular
Optical Kerr Effed (SOKE) and the Speaular Inverse Faraday Effect (SIFE)’°. These
are aibic non-linea effeds and are predicted to exist from symmetry arguments. Both
effeds consist of coherent and incoherent parts. For the coherent part, the pump drives
the oherent electron-hole pair that affeds the probe polarisation. The dfed depends
upon the probe phase relative to that of the eledron-hole pair, and hence, that of the

pump. For the incoherent part of the SIFE and the SOKE, the relative pump-probe

phase is not important, since the probe pulse polarisation is modified by the pump

A Virtua State

Energy‘

Phonon Electrons

Fermi Level

Hole

M omentunl

Figure 1.10  Eledron-hole mherent sate is s£hematically illustrated for interband (a)
and intraband (b) optical transitions.
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Figure1.11  The SIFE signal measured from a 63.7 nm thick Pd film sputtered onto a
Si substrate is shown for circular pump excitation.

induced sample polarisation that survives after the dewherence of the eledron-hole
pair. However, it is usually assumed that the time resolved signal, due to either the
SIFE or the SOKE, can be described as a pump-probe intensity crosscorrelation, since
the signal is usually observed to have a sharp ped-like structure, as gown in
Figure1.11.

The magnitudes of the incoherent transient SIFE and SOKE, which are the only
effeds relevant to the present study, may be related to the aubic components .,y and
Jxxyyx Of the nonlinear susceptibility tensor and the polarisation state of the pump pulse.
Let us assume that the pump is initially p-polarised. The pump polarisation can be
made elliptical by passng the beam through a quarter wave plate. The pump
polarisation depends upon the agle ¢ between the plane of incidence and the fast axis
of the quarter wave plate used to convert the pump pulse to an éliptically polarised
state, as $rown in Figure 1.12 (c). The pump polarisation can be made linea at some

angle to the plane of incidence by passing the beam through a polarizer. Let us denote
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Figure1.12 (@) The polarisation rotation magnitude due to the SIFE in a 40 nm thick
Ag film sputtered onto a Si substrate is shown as a function of the
orientation of the pump quarter wave plate, in an experiment with an
elliptically polarised pump. (b) The polarisation rotation magnitude due
to the SOKE in a45 nm Al film sputtered onto a Si substrate is shown as
function of the orientation of the pump polarizer, in an experiment with
alinealy polarised pump. The solid lines are simulations with the sine
function of 180 degrees period. (c) The helicity of the pump beam in (a)
is shematically presented for different orientations of the pump querter

wave plate.

the agle between the plane of incidence and the transmisson axis of the pump

polarizer as . Then the magnitude of the signal due to the SIFE and SOKE is given

by76
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@: Ez %Sm'* %Tne% +sin2, geren E[ ) (1.2.14)

for an experiment with an elliptically polarised pump, and

@“’ E= sin2, %Tne%[ , (1.2.15)

for an experiment with a linealy polarised pump. In both formulag the amplitudes of

SIFE (F.) and SOKE (F.) are given by

2
_32., | pump vy T vigyx U

R o, 1.2.16
di+A’ 0 AQ-A*) Qg (1219

+

where lump is the pump beam intensity, A isthe complex refraction index, and c is the
sped of light. These formulaewere derived in the @ntinuous wave gproximation for
normal incidence of the pump and probe beams.

As shown in Figure 1.12 (a), the SIFE has a maximum magnitude for circular
pump polarisation (for p=+45°), and vanishes when the pump is linearly polarised (for
»=0,£90°). The SOKE increases as the ellipticity angle of the pump approades 0° or
90°, and as the angle between the major axis of the pump beam ellipse and the plane of
probe polarisation approaches 45° (for ¢p=0,£22.5°,+67.5°). This is ®e in Figure
1.12 (a) as a we& deviation of the data points from the simulated curve, which haes a
period that is charaderistic of the SIFE. The SOKE vanishes when the pump is either
circularly polarised (e.g. for ¢=+45°), or linearly polarised with the plane of
polarisation either parallel or perpendicular to that of the probe (e.g. for ¢=0°). As
shown in Figure 1.12 (b), in measurements with linearly polarised pump, the SOKE has
a maximum magnitude when the plane of the pump polarisation is at 45° to that of the
probe, and vanishes when the pump is either parallel or perpendicular to it (for

y—0°,£90°+180°).
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1.3 Summary

In summary, the general badkground of my reseach in Exeter was briefly
introduced in this chapter, and will be referred to again in the following original
chapters. On this basis, a theoretical model, either analytical or numericd, will be

developed to describe e@h set of my experimental data.
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Chapter 2. Technique of Pump-Probe Experiments

In this chapter, the experimental apparatus used in my projed will be described.
The experimental facilities for time resolved measurements in Exeter had been huilt up
by Dr. R.J. Hicken, Dr. J. Wu’" and Dr. R. Wilks"® before | started my PhD project.
Dr. A. Barman constructed the time-resolved Kerr microscope. Hence in this chapter
only a brief description of the experimental setup will be given. Insteal, a greater
emphasis is placed on the development of the measurement tedhnique, understanding of
the measured signals, and separating the signal response from measurement artefacts.
Some data will be presented for the purpose of illustration. The pump-probe gparatus
used in the two colour measurements at the Rutherford Appleton Laboratory was

constructed by Dr. P. Matousek and Dr. M. Towrie.

2.1 Single Colour Optical Pumping Apparatus

The gparatus used for optical pumping experiments in Exeter is shown in
Figure 2.1 (a). The pulsed light source used to make most of the measurements
presented in this thesis, was a 80 MHz mode-locked Ti: sapphire laser (Spedra-Physics
Tsunami) pumped by a @ntinuous wave (cw) diode laser (SpedraPhysics Millennia),
that produced sub 90fs pulses at photon energy of A»w=1.575t0.005eV (787 nm),
unless sated aherwise. The gertures (1) were used to reset the beam diredion after
any drift in the laser alignment.

The bean was passed through a pulse picker (2), which was not used in the

measurements reported here. In order to compensate pulse broadening (“chirp”)
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Figure2.1  The gparatus used in the single mlour opticd pumping (a) and field
pumping (b) experiments is shown in schematic form, as described in the

text.

introduced by the pulse picker and pre-compensate that caused by other “bulky” optics
(lenses, polarizers etc.), the beam was passed through a group velocity dispersion
compensation line, consisting of a pair of Brewster prisms and a mirror’®. The temporal

width of the pump and probe pulses was chedked with a fringe-resolved autocorrelator,
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built by Dr. R. Wilks, placed at various places in the beam path’®. The pulse width
measured just before the expansion optics (3) was found to be in agreement with that
measured just after the laser and with that deduced from bandwidth measurements using
a laser spedrum analyzer. Measurements were not made & the sample position, since
the beam would first need to be re-collimated. This would require the insertion of
additional opticsthat could introduce alditional chirp.

Ead pulse was lit with a beam splitter (4) into pump and probe parts with
energies of Epump and Eprone With (Epump™>Eprobe). A Variable optical delay line in the
pump peth allowed the time delay between the two pulses to be varied with a minimum
step sizeof 1.67 fs. The position of a hollow retro-refleding prism (5) in the delay line
was varied through a few wavelengths at high frequency in order to remove any
coherence oscill ations around the zeo delay position. The maximum time delay was
2ns.

The probe was always polarised in the plane of incidence (p-polarised). The
polarisation of the pump could be varied continuously from a p-polarised state ather to
a circularly polarised state by rotating a quarter wave plate (6) placed after a polarizer
(7), or to a gate in which the beam was linealy polarized at an angle to the plane of
incidence. Inthe latter case aquarter wave plate (6) was placal in front of the polarizer
(7) in order to make the beam circularly polarised and, hence to maintain constant
intensity at the sample surface Both pump and probe beams were expanded by a fador
of ten in order to reduce the beam divergence and focused down to 15um diameter
gpats a the sample surface, using achromatic doublets with focal length of 16cm. The
spots were caefully overlapped while being viewed with a CCD camera with x600 on-
screen magnification.

The pump was modulated at a frequency of 2 kHz by a mechanical chopper. Any

transient changes in the intensity and polarisation state of the reflected probe wuld be
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simultaneously sensed by an optical bridge detector’” with its aim (intensity) and
difference (polarisation) outputs conneded to two lock-in amplifiers. The phase
sensitive detedion allowed changes in rotation and ellipticity angles of down to 1 pdeg
to beresolved. In experiments in which the transient ellipticity was measured, a quarter
wave plate (8) was placel in front of the bridge detedor with its fast axis parallel to the
plane of incidence When neagessary, an eledromagnet capable of producing a magnetic

field of upto 3 kOe was used to magnetise the sample.
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2.2 Field Pumping Apparatus

The field pumping experimental configuration shown in Figure 2.1 (b) was similar
to that used for optical pumping. However, there were dso some important diff erences.
First of all, less cae was taken over the laser pulse width because the width of the
magnetic field pulse was determined mainly by carrier relaxation in the
photoconductive switch and dispersion in the structure used for the generation and
delivery of the pulsed field to the sample’”. On the other hand, values of the pump and
probe pulse energies were important for obtaining a good signal to noise ratio.
Therefore, the group velocity compensation line was not aways used, and the light
pulses had width of up to about 180fs.

The magnetisation dynamics were typically observed to occur on time scales of
tens of picoseconds. On the other hand, the total length of time scans was important for
the aquisition of good quality Fourier spedra. Therefore, in the later measurements an
additional hollow retro-reflecting prism (9) was introduced into the delay line that
increased both the maximum time delay and the minimum step size by a fador of two.
The position of the hollow retro-reflecting prism in the delay line was not modulated.

In experiments on continuous samples, for which the longitudinal MOKE
geometry was used, the configuration of the probe focusing optics was the same & in
the optical pumping configuration, yielding a 15 um spot size Better spatial resolution
was required for measurement of micron sized elements. The time resolved scanning
Kerr microscope was constructed for this purpose® in which a microscope objedive with
numerical aperture of 0.65 corrected for a 0.17 mm thick cover slip (10) was used to
focus the expanded probe beam to a spot of sub-800 nm diameter at normal incidence.

One half of the probe beam was refleded away from the sample by the beam splitter
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cube (11), while the other half was transmitted towards the sample. After being
reflected from the latter, half of the probe was direded towards the bridge detedor with
the same beam splitter, while the residual beam was transmitted and blocked by the
aperture (12). The sample and the structure used to generate the pulsed field were
mounted on a mwmputer operated piezoeledric scanning stage. The stage had a travel
range of 100pum and 20 um in the directions parallel and perpendicular to the sample
surface respedively. While the perpendicular degree of freedom was used for a fine
adjustment of the probe focusing, lateral scanning of the sample under the fixed probe
spot alowed intensity and Kerr rotation images of the sample to be aquired for a fixed
time delay between the pump and the probe. Although the secnd configuration
obviously provided better spatial resolution, the first approach had some alvantages
since the angle of incidence of the probe was well defined, and so the MOKE response
could be more eaily related to the instantaneous orientation of the magnetisation
vedor. The full beam from the microscope objedive was used so that there was no net
contribution from the longitudinal Kerr effed and only the out of plane cmponent of
the magnetisation was nsed by means of the polar Kerr effed.

The pump beam was always focused on the photoconductive switch with a single
lens without prior expansion, since aspot of larger size (normally greaer than 100 um)
that spanned many fingers of the switch was preferred. This ensured that the magnitude
of the field pulse was unchanged when the piezoeledric stage was used to scan the
entire sample structure relative to the fixed pump and probe beams.

The CCD camera was used to monitor the position of pump spot on the
photoconductive switch and for rough positioning of the probe. The microscope itself
was used for assessing the focusing and positioning of the probe on the surface of small

sample elements. A screen (13) was inserted in front of the bridge detedor for this

& The time resolved scanning Kerr microscope was constructed by Dr. A. Barman.
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purpose. When the probe beam was defocused, an image of the sample was formed on
the screen. As the probe was focused, the image transformed into a feaurelesscircular
spat, since the focused probe spot size was smaller than that of the element. An
aperture (14) was used to block any stray light scatered towardsthe bridge detedor.

The different structures used for the generation and delivery of the pulsed
magnetic field to the sample ae shown in schematic form in Figure2.2. An
interdigitated photoconductive switch, formed by deposition of Au onto a semi
insulating GaAs substrate, was gated by the pump pulse. Since the laser photon energy
excedaled that of interband transition threshold in GaAs, absorption of the pump pulse
reduced the resistance of the switch by about two orders of magnitude. The switch was
connected by copper contacts to either a cplanar strip transmisson line (CPS as
shown in Figure 2.2 (a), (¢), (d), or a coplanar waveguide (CPW) as shown in
Figure 2.2 (b), which were made of Au or Al deposited onto a Si or glass sibstrate. The
circuit was biased by a dc voltage of about 20 V that caused a aurrent pulse to propagate
from the switch and along the structure before being absorbed in the terminating 47Q
surfacemount resistors. The magnetic field asociated with the arrent pulse was used
to stimulate the sample.

The width of the transmisson line tracks was typically reduced to less than
100 um so that pulsed fields greaer than 1 Oe @uld be generated. The amplitude of the
pulsed field could be alculated from the amplitude of the arrent pulse which could be
estimated by monitoring the voltage drop aadossone of the terminating resistors with a
500MHz oscilloscope. The pulsed field profile & the sample position could be
determined by an eledro-optic sampling measurement’® in which a 0.5 mm thick
LiNbO; crystal was also overlaid on the CPSor CPW, athough this might modify the
pulse profile. The rise and decay times of the aurrent were typically about 40 ps and

2 ns, respedively.
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Figure 2.2
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The design of the different types of structure used to generate the pulsed
magnetic field are presented:

(a) the mplanar transmisgon line structure with micron sized samples
deposited in between the tracs;

(b) the mplanar wave guide structure with micron sized samples
deposited on top of the central conductor;

(c) the mplanar transmisgon line structure with micron sized samples
on aglass sibstrate overlaid onto the structure;

(d) the coplanar transmisgon line structure on a glass sibstrate with a
continuous film sample on an opaque substrate placed underneah the
structure.
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From an experimental point of view, the best way of placing the samples is to
define them diredly on the CPS or CPW structure & $own in Figure 2.2 (a) and (b).
This allows dired optical access to the samples and provides a magnetic field pulse of
maximum magnitude since there is almost no gap between the sample and the aurrent
carying structure.  While the former fedure is advantageous for the scanning Kerr
microscope investigations, the latter is essential if large amplitude magnetisation
dynamics are to be excited. The main drawback of this configuration is the sample
fabrication is more complicated. However, since the structural and magnetic properties
of thin fil ms can depend strongly upon the substrate, the properties of such samples may
generally differ from those of materials used in red devices.

In another configuration, shown in Figure2.2(c), the samples grown on
transparent substrates were placel face down onto the CPS s0 as to be subjed to the
pulsed magnetic field, while being pobed through the transparent substrate. While
providing good optica acacess to the samples, the magnitude of the magnetic field pulse
depended on the separation between the sample and the CPS which was difficult to
control. Asin the previous case, this configuration also requires a special substrate.

In order to make measurements on samples grown on opague substrate, structures
shown in Figure 2.2 (d) were used. These were made by fabricaing the transmisson
line on a transparent substrate so that the measurements could be made by probing
through the transmission line substrate. The main difficulty lay in adjusting the
separation between the sample and the CPS so as to obtain a significantly large pulsed
magnetic field, while preventing the sample from shorting the CPS Overlayers of
transparent insulating material could easily be gplied to the transmisgon line to avoid
the latter problem if necessary. The type of structure was chosen to suit the particular

experiment.
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2.3 Two Colour Optical Pumping Apparatus

The @paratus used for the two-colour pump-probe measurements at the
Rutherford Appleton Laboratory is shown in Figure 2.3. The output of a Ti:sapphire
regenerative amplifier producing 200fs pulses at a repetition rate of 1kHz and
wavelength of 800 nm was used. In the refledivity measurement geometry shown in
Figure 2.3 (a), the beam was 9lit to generate pump and probe parts. The 400 nm pump
pulse (1), generated by frequency doubling of the fundamental, had energy of 2 uJ. The
other part of the fundamental (2) was used to generate awhite light continuum inalcm
water cdl. Both beams were p-polarized and focused onto the sample surface so as to
give 200um and 400 um diameter spots, for the probe and pump respectively. The
spats were caefully overlapped, while being viewed with a CCD camera. The angles of
incidence of the pump and probe beams at the sample were 35° and 3C, respedively.
The pump beam was passed through a delay line and reflected from an opto-galvanic
mirror placed just before the sample. The mirror was flipped between two positions at a
frequency of 2 kHz so that every other pump pulse was deviated from the sample and
blocked (3). The white light probe beam was refleded from the sample and dispersed
by a grating so that the different spedral components could be detected separately by a
linea array detedor. A 400nm filter was placel in front of the detector in order to
suppress sray light contributions from the pump beam. An 800nm filter was placed
just behind the water cell in order to suppress contributions from the original probe
beam. Signals with pump on and off were subtraded, normalized, and averaged over a
time interval of 10s. The water cell introduced a cirp within the probe pulse so that
red light was delayed by about 2 ps with resped to the blue. The signal at different time

delays was aqquired in arandom order so asto remove any slowly varying badkground.
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Figure 2.3 The gparatus used in the two colour optical pumping experiments is
shown for the measurements of the transient refledivity (a) and

polarisation (b).

This detedion scheme provided inadequate signal-to-noise ratio for measurements
of the transient polarisation. Hence, the mnfiguration shown in Figure 2.3 (b) was used.
The output (4) of an optical parametric amplifier (OPA) at a wavelength close to an

interband transition in the metallic sample under investigation was used as the pump.
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The fundamental output of the Ti:sapphire regenerative amplifier at 800 nm was used as
the probe. The latter was p-polarized while avariable retarder in combination with a
half wave plate was inserted into the pump beam path in order to make the pump beam
circularly polarized. The polarisation could be switched between right and left helicity
by rotating the half wave plate by 45 degrees. The refleded probe beam was direded
into an optical bridge detedor that produced an output signal proportional to the agle
of rotation of the probe polarization. The signal was then fed into a lock-in amplifier,
with the drive signal to the opto-galvanic mirror serving as the reference input. The
detector was nulled while its output was viewed using an oscilloscope. A filter at the
pump wavelength was placel in front of the detedor so asto bock any scatered pump

light.

64



2.4 Artefacts in Pump-Probe Measurements

2.4.1 Coherent Suppression of M agnetisation Precession

In the field pumping measurements, the temporal profile of the pulsed field is the
main source of artefacts. The bandwidth of the oscilloscope used to monitor the pulse
field was insufficient to resolve fine feaures of the pulse shape. The pulse profile was
instead determined by the eledro-optic sampling technique in which a LiNbO; crystal
of 0.5 mm thickness was placal on top of the CPS structure. The stray eledric field
from the transmisgon line induces a transient birefringence that modifies the probe
polarisation. Figure 2.4 (a) and Figure 2.4 (b) show the time resolved eledro-optic
signal® obtained when the probe beam was focused through the LiNbO; crystal, at
normal incidence, at points on and between the tracs of a transmisson line structure,
respedively. One @an seethat the secondary peaks appea on longer time scales. The
peks are due to reflections of the arrent pulse from the transmisson line
interconneds, and lead to the structured Fourier spedra, shown in panels (c) and (d) of
Figure 2.4, that were obtained from the signals shown in panels (a) and (d), respectively.

The pulsed magnetic field profile shown in Figure 2.4 suggests that a coherent
interaction between the oscillatory signal and the pulsed field’®®° may appea in the
measured sample response. Indeed, upon arrival of a secondary peg of the pulse
profile the amplitude of a signal may be either amplified or reduced. Then, if the
duration of the signal is small, this may be reminiscent of bedaing. The Fourier
spedrum of the signal may contain a pe& at a frequency close to that seen within the

spedrum of the pulsed field, e.g. about 2 GHz. The darader of such a beaing will

& The time resolved signals in Figure 2.4 (a) and Figure 2.4 (b) were measured by
Dr. A. Barman.
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Figure24  The time resolved eledro-optic signal obtained from the LiNbO; crystal
is shown for points (a) on and (b) between the tradks of a transmisson
line structure. The Fourier spedra obtained from the signals shown in
panels (a) and (d) are presented in panels (c) and (d), respedively.

depend upon the magnitude of the static bias field, since the dfed depends upon the
relative phase of the secndary pedks in the field profile and the oscillatory signal.
Finally, this effed may also be spatially non-uniform, since the strength and orientation
of the pulsed field varies in the direction perpendicular to the tradcs of the CPS (CPW).
All this makes the analysis of the magnetic Fourier spedra very complicated, especially

if multiple modes are expeded to be present in the signal.

2.4.2 Reflectivity Breakthrough to Transient Polarisation Signal

In the optical pumping measurements of transient polarisation, care should be
taken to properly align the bridge detedor and the probe polarisation, since
misalignment of either can lead to additional contributions to the measured rotation or
ellipticity signal’®. These ntributions, called “reflectivity breskthrough”, originate
from pump induced changes of the generalised refledion coefficients rs and rp, and

their difference, and are roughly proportional to the transient refledivity. They may
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usually be removed from the transient rotation signal by gradually changing the probe
polarisation asillustrated in Figure 2.5. The pump polarisation must be kept linea and
parallel to that of the probe so asto remove any residual contributions from the SIFE or
SOKE. The bridge detedor must be readjusted after the polarisation of the probe is
changed so that its gatic output is zero™.

In principle, if the experiment is aligned so that there is no refledivity
bregkthrough in the rotation signal, then there is no reason to exped it to be present in
the ellipticity signal. However, it was ometimes found that a tiny step-like offset
occaurred in the ellipticity while the rotation remained flat. We believe that this
contribution to the ellipticity side originates from an incomplete removal of the
reflectivity bregthrough in the rotation, which becomes amplified when the ellipticity
is larger than the rotation. It was not possble to tune the probe polarisation in the

manner described previously because of the presence of the alditional quarter wave
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Figure25  The transient rotation signal measured from a 63.7 nm Pd film sputtered
onto a Si substrate is shown for different orientations of the probe

polarizer. The “zero” orientation corresponds to a correct alignment.
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plate in front of the bridge detedor during the ellipticity measurements. Therefore, a
small reflectivity bresthrough may be seen in some of the transient polarisation
signals. However, this decays with a very long relaxation time that is charaderistic of
the transient refledivity, and so cannot be cnfused with the femtosecond timescale

response due to the SOKE or the SIFE.

2.4.3 Ni film. Ultrafast Demagnetisation

In the optical pumping measurements, the transient polarisation response of
magnetic samples contains an additional contribution due to the ultrafast

demagnetisation phenomenon'®2%,

However, this may be removed by magnetising the
sample perpendicular to the plane of the probe incidence. This corresponds to the
transverse MOKE configuration, and hence the sample demagnetisation contributes to

the refledtivity but not to the polarisation response®.
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Figure 2.6 The transient polarisation response of a 53.6 nm Ni film sputtered onto
a Si substrate is shown for different magnetic states of the sample, as
explained in the text.
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In Figure 2.6, the transient polarisation response of a 53.6 nm Ni film sputtered
onto a Si substrate is shown for different magnetic states of the sample. Curve 1l
corresponds to the optimum alignment of the probe polarisation, when the sample
magnetisation was sturated perpendicular to the plane of incidence of the probe (the
transverse MOKE configuration). Curves2 and 3 correspond to the same probe
polarisation but the sample magnetisation was sturated in opposite diredions within
the plane of incidence (the longitudinal MOKE configuration). One can see that
although curve 1 is amost straight in rotation, it is more airved in ellipticity. This
implies that the alignment of the probe polarisation was not perfed in the former case,
I.e. just the situation described in the previous subsection. As a consequence of this, the
longitudinal curves 2 and 3 in rotation are more symmetric with resped to the flip of the
magnetisation diredion than those in ellipticity. By subtrading the transverse signal
(curve 1) from the longitudinal signal (curves2 and 3), the demagnetisation signal
becomes symmetric both in rotation and ellipticity (curves4 and 5). It also becomes
similar to the difference divided by 2 of the longitudinal signals aaquired for opposite
diredions of the magnetisation (curves 7)%, while the aerage of the latter signals
(curve 6) has asimilar temporal shape to that of the transverse signal (curve 1).

While this is of general interest for the discussion of the relative importance of
different magnetic and nonmagnetic oontributions to the experimentally observed
ultrafast demagnetisation signal*®®®#83 in this thesis we will simply exploit the fad
that the magnetic contribution to the polarisation signal is suppressd in the transverse
MOKE configuration. This then allows us to remove the cntribution from the
reflectivity breakthrough, as $rown in Figure 2.7. One @an also seethat the ntribution

has atemporal shape very similar to that of the refledivity signal.
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Figure 2.7 The temporal shape of the transient refledivity signal (1) from a
53.6 nm Ni film sputtered onto a Si substrate is compared to its transient
rotation response in the transverse MOKE configuration for different
orientations of the probe polarisation relative to the probe plane of
incidence: (2) — 1.5 deg, (3) — 1 deg, (4) — 0.5 deg, and (5) — 0 deg.

2.4.4 Effect of Quarter Wave Plate Rotation

In the optical pumping measurements, it was found that the rotation of the pump
guarter wave plate affects not only the height of the signal due to the SIFE and SOKE,
but also the badkground of the polarisation signal and the reflectivity signal. Figure 2.8
presents the dependence of the Pd rotation and reflectivity signals and badkground
levels upon the quarter wave plate orientation. The rotation pee&k magnitude arve has
“figure of eight” shape that is charaderistic of the SIFE dependence upon the quarter

wave plate orientation with a period of 18(°, as described by equation (1.2.14). The
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Figure 2.8 The dependence of the rotation and refledivity signals and badground
levels at negative time delay upon the quarter wave plate orientation is
shown for a63.7 nm Pd film sputtered onto a Si substrate.

curve is smewhat asymmetric with resped to its long axis (135 - 315°). Thisisdueto
the SOKE, which makes a mntribution to the signal of smaller magnitude in this case.
However, the magnitudes of the signal are also not equal at the opposite poles of the
axis. While this asymmetry might be also due to some random noise, one can seethat it
is correlated with that in the magnitude of the refledivity. The latter varies by about
20% with a period of 360 with resped to the quarter wave plate rotation. This may be
due to a small displacement of the pump spot that changes the overlap of the pump and

probe spats.
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While the refledivity badkground level follows the same dependence & the
reflectivity signal, the rotation bad<ground has a four fold symmetry that is qualitatively
different from the main signal. However, this allows us to identify the origin of the
badground as the stray pump light scatered from the sample towards the bridge
detector. Inside the latter, the beam is Plit into components that are polarised parallel
and perpendicular to the ais of the detector that is rotated at 45° away from the probe
plane of polarisation if the detector is properly aligned’”. The detedor difference output
is proportional to the difference of the intensities of the two components. The
difference signal due to the stray pump vanishes when it is either circularly polarised, or
linearly polarised perallel or perpendicular to the probe polarisation, and hence d 45° to
the ais of the bridge detedor. However, eliptically polarised stray pump light induces
afinite difference signal with a magnitude varying with a period of 90° with resped to
the orientation of the pump querter wave plate.

In summary, the measurement of the signal dependence upon the pump quarter

wave plate orientation provides a means of separating the signal from artefads.

2.4.5 Zero Time Delay Position

The optical pumping results reported in chapter 5 rely on an acarate
determination of the zeo time delay position in the transient polarisation measurements.
Since the orientation of the quarter wave plate was found to affed the overlap of the
pump and probe, it was also important to determine its influence upon the zeo time
delay position. Figure 2.9 presents transient reflectivity signals that were recorded
simultaneously with the transient polarisation response in two series of measurements.
Panel (a) shows refledivity signals recorded when the transient rotation was measured
as function of the pump querter wave plate orientation. The signals were recorded in

random order, but are arranged in the panel in order corresponding to the orientation of
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Figure 2.9 Transient refledivity signals measured from a 326 nm Cu film
sputtered onto a Si substrate are presented. Panels (a) and (b) show
reflectivity signals measured simultaneously with transient rotation and
ellipticity, respedively, in order corresponding to the orientation of the
quarter wave plate. The latter varies from 78.75° for the bottom traceto
-90° for the top trace Panel (c) shows the signals from panels (a) and
(b) in the order that they were adually measured. The pe& signal
magnitude was normalised to unity in each case.

the quarter wave plate. The bottom and top signals correspond to angles of 78.75° and -
90° between the fast axis of the quarter wave plate and the plane of incidence while the
signals in between are equally spacel within this range. One @n seethat the signal
onsets do not show any regular dependence upon the orientation of the quarter wave
plate. Panel (b) shows transient refledivity for the same orientations of the pump
quarter wave plate but in a different series of experiments in which the transient
ellipticity was measured. The experimental configuration in this case was different to

that used for the rotation measurement only in that a quarter wave plate was placed in
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front of the bridge detedor, and so the optical paths of the pump and probe before the
sample were not altered. However, the onsets of the refledivity signals in the two series
of measurements are not correlated. Panel (c) shows the signals from panels (a) and (b)
in the order in which they were adually acquired duing the measurements, so that
about 8 hours time elapsed between the aquisition of the bottom and top signals. One
can seethat the onset of the signals shifts with time first towards negative and then
towards positive time delays. This shows that the orientation of the quarter wave plate
does not affed the time delay between the pump and pobe pulses significantly.
However, various drifts in parts of the gyparatus sich as the laser or the sample holder
may have asignificant effect upon it. Also, it seams reasonable to assume that, in order
to compare different transient polarisation signals, one may define their temporal
position relative to the reflectivity signal that was smultaneously measured.

The eperimental configurations for measurements with an elliptically and
linealy polarised pump are different in that the positions of the pump querter wave
plate and polarizer are reversed, which may change the overlap of the pump and probe.
However, it may easily be shown that the resulting change of the pump-probe time
delay, estimated for a grazing incidence & the spot diameter divided by the speed of
light, cannot excead 50fs. Note that in the latter case the pump and probe would no
longer be overlapped, and so this change in the time delay would be acompanied by an
almost 100% reduction of the signal. Hence, it is reasonable to assume that a change of
the time delay due to this effed must not exceed 10-15fs. Since the same change must
be present both in the reflectivity and rotation, it can be cmpensated for by defining the

time delay relative to the refledivity.
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2.5 Summary

In summary, the different experimental configurations used in the various chapters
of this thesis were described within a single framework so as to demonstrate the broad
applicability of the pump-probe experimental method, while additional details relevant
to particular experiments will be given within the gpropriate dapters of the thesis.
The experimental artefacts that may influence the measurement are discussed as well as

the means of their suppression.
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Chapter 3. Theory of Uniform Modes of Magnetisation
Dynamics in Rectangular Double Layer Ferromagnetic

Elements

3.1 Introduction

Despite several decade of intense study, thin film magnetic materials remain one
of the main subjeds of investigations within modern solid state physics. The
stabilisation of new structural phases and modulation of chemicd composition at the
nanoscale have led to new magnetic properties of significant technological interest. The
dynamical properties of the materials are determined by the gigahertz spedrum of spin
wave excitations™. The latter have been studied by techniques such as microwave

84,85
)

ferromagnetic resonanc 8687

and Brillouin light scatering Analyses of the spin
wave frequencies have been used to quantify magnetic properties sich as the saturation
magnetisation®, the gyromagnetic ratio®>, the anisotropy®>, and the exchange
coupling®®. However, further techrologica development requires an even degper
understanding of the picosecond magnetisation dynamics of thin film elements with
micron and nanometre dimensions. For example, precessional magnetic switching
requires precise antrol of the relative phase of different frequency components that
may also interact due to the inherent nonlineaity of the magnetisation dynamics®.
Recently, time resolved magneto-optical measurements have emerged as a new
means by which to study picosecond magnetisation dynamics in the time domain,

providing an alternative to the frequency domain ferromagnetic resonance and Brillouin

light scatering techniques. Several variations upon the basic technique have been
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demonstrated. The time resolved linea MOKE is nsitive to al three @mponents of
the vedor magnetisation®, while the time resolved magnetic second harmonic
generation has proved to be effedive in studying the evolution of the in-plane
magnetisation components™®. Measurements must also be made with very high spatial
resolution. Due to the diffradion limit, an optical probe cannot be focused to a spot
diameter smaller than about 500nm. Due to the shorter wavelengths used, the time
resolved X-ray magnetic circular dichroism technique® has promised spatial resolution
down to 20 nm, but its temporal resolution is limited to about 50 ps. On the other hand,
this tedhnique has the important property of element seledivity especially that is useful
in studying multilayered materials. Time resolved magnetoresistancé’®®? and pulsed

indwctive microwave magnetometry®>%*

are dso time domain, although not pump-
probe, techniques. Their temporal resolution is limited by the bandwidth of the
sampling oscilloscope used. However, they may be eaier to implement at cryogenic
temperatures’>.

Small amplitude precessonal oscillations have been studied by the pump-probe
technique in order to charaderise magnetic anisotropy and damping®®, and aso to

demonstrate coherent control of magnetisation precesson®”’.

The large amplitude
reorientation of the magnetisation has been studied in Ref. 17,90,98. The gpatial
uniformity of the precession has begun to be explored using the time resolved scanning
Kerr microscopy®*'° leading to a redisation that long wavelength magnetostatic modes
play an important role in experiments in which either the pulsed field is
inhomogeneous' or the lateral dimensions of the sample ae small'®% However, the
gpatial charader of the magnetisations dynamics will be discussed in detail in the next
chapter of the thesis.

In recent experiments performed by the Exeter group, magnetisation dynamics in

continuous film spin valve structures®* and micron sized square permalloy
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elements®30-3234

were studied. Studies of spin valve elements of various shapes are to
be expeded in future, becaise spin valve elements are of grea technologicd interest for
use in high density recording heads and magnetic sensors™. Although excitation of spin
waves is likely to take placein patterned elements due to the spatial confinement, the
uniform nmode of the magnetisation precesson is gill expeded to make a dominant
contribution to the sample response. Hence in this chapter, a theory of precessonal
magnetisation dynamics and relaxation in an exchange coupled magnetic double layer is
developed in the maaospin approximation. In order to apply the theory to patterned
magnetic elements of redangular shape, a fourfold “shape anisotropy” term has also

been included into the model. The theory is illustrated by application of the results to

the optical ferromagnetic resonance data from Ref. 31.
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3.2 Macrospin Theory of Magnetisation Precession

3.2.1 Macrospin Model of a Spin Valve Element

The structure of the spin valves sudied in Ref. 29 is shown schematically in
Figure 3.1. The ferromagnetic NigiFe s (permalloy) and Co layers are separated by a
nonmagnetic Cu spacer layer with thickness d equal to 10, 20, and 30A in samples S1,
S2, and S3, respedively. The Co layer is pinned in a saturated magnetic state by the
exchange bias field from an IrMn antiferromagnetic layer so that only the magnetisation
of the permalloy layer may be rotated by an external magnetic field. The structure may
be used as a sensor due to the dependence of its current-in-plane resistance upon the

relative orientation of the magnetisation in the two ferromagnetic layers.

Ta(30A)

IrM n (100A)

Pinned —> «— Co (50A)
Cu (d)
Nig,Fe,,(50A)

Ta (50 A)

<«— Si(100) (50A)

Figure 3.1 The structure of the spin valves dudied in Ref.29 is shown
schematically.
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In order to describe the magnetisation dynamics in the structure, let us write the

Landau-Lifshitz equation with the Gil bert relaxation term in the following form

oM. a. a|v| [
— 1l =—vIM. xH._ |+— )

where indices i=1,2 stand for the parameters describing the Co and permalloy layers,

respedively. Inwhat follows, we first assume that the lateral dimensions of the element
are much greder than its thickness. Also, only the zeo wave number excitation will be
considered, and so the exchange interadion energy term may be dropped. It is then
convenient to consider the aeal density of the magnetic moment in the layers Mid;, and
the aeal density of the free energy of the etire system E=w(d;+d,), where d; are the
thicknesses of the magnetic layers. These gproximations congtitute the basis of the so-
called maaospin model and are generally not valid for a rigorous description of
magnetisation dynamics in magnets with finite lateral dimensions. However, the
formulae derived below may still provide avaluable starting point for the analysis and
may save some computation time.

Let us therefore define the magnetic free energy density per unit area of the

system as
M, DH—&(M k,)? .
0 s 0
E_igz E 4I[(M |1)1|) +(M |1)2|)] E_Ailel]‘/lzl (322)
D‘(Mi[ﬂ)i)Hex,i"'zn(Mim) _Mimi(t)ﬁ

where f,; and He i are the four fold anisotropy constants and the exchange bias field of

eah layer, respedively, and we have introduced the uniaxial anisotropy constants of the
_ 2K2,i . . . . . .
layers B,; = ME that have form of the demagnetising coefficients. In layer i the unit

vedors ki, p1j, pzi, ad b; lie parallel to the uniaxial anisotropy axis, the two four fold
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Figure 3.2 The geometry for the clculation is shown. The diredions of the
vedors in eah layer are defined by the angles they make with the x-

axisthat is parallel to the layer magnetisation.

in-plane eay axes, which may be not mutually perpendicular in general case, and the
exchange bias field, respedively. The mnstant A;, determines the strength of the
interlayer coupling, hi(t) denotes the pulsed magnetic field, and n is the unit vedor
normal to the sample plane. The geometry for the alculation is ketched in Figure 3.2.

The total effedive magnetic field acing upon layer i is defined as
m, E (3.2.3)

where the gradient is taken with resped to the Cartesian components of M, and is

egual to

Heff,i =H+ biHex,i +B4,i (M ml,i)?)pl,i +(M; mz,i)gpz,i) +

B,i (M, [k;)k; —4m(M; [h)n +%M i +h;(t)

(3.2.4)

81



3.2.2 Uniform Mode Spedrum and Damping

In the low perturbation limit, the magnetisation in each layer can be represented
as Mi=Mg,;+m;(t), Mo;>>m(t), H>>hi(t), where m;(t) is the small deviation from the
equilibrium megnetisation Mo;. In general, the static magnetisation in each layer is
not paralel to the diredion of the gplied field, but is parallel to the static effedive
field so that the net torque ating upon the magnetisation is equal to zero (1.1.1).

Hence, the following equation must be satisfied

H+bH + B, (M, ml,i)gpl,i +(My; mz,i)gpz,i) +
B.i(My; Ik))k; —4m(M,; [h)n +%M0,j =aMy,

(3.2.5)

where a is ©me @nstant. The static magnetisation configuration is first obtained by
minimising the free energy (3.2.2) using the stegest descents method. Values of & are
then easily calculated.

By retaining only terms linea in m(t) and hi(t) in equations (3.2.1) and (3.2.4),

and using equation (3.2.5), the lineaised equation of motion of the magnetisation

becomes
7 E(Pﬁ,.«g)ﬂo,.)iu,.) qf)mi)ml,i)nol. %
D 0,i 2, rni 2 p2i +
om, _ e 2 om, [
a—n:—-yi%ﬂo,ixgezyi(mitki)ki—4n(mi [h)n + %%aﬂ “nE 829

O

ﬁ%mj +hi(t)—a1.mj

Asshown in Figure 3.2, the Cartesian coordinate systems in each layer are defined

(=

so that their x-axes are parallel to the static magnetisation and both z-axes are parallel to
the vedor n. In the linea regime, the magnitude of the magnetisation in each layer is
equal to that in equilibrium. Also, the vedors m; are perpendicular to the latter and,
hence, have only y and z components in the chosen coordinate systems. It follows then

that the two coupled vector equations (3.2.6) represent a system of four coupled scalar
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linea inhomogeneous equations. The general solution of this system is given by the

sum of its particular integral and the general integral of the complementary system of

differential equations obtained from (3.2.6) by dropping the term h(t). The latter system

is olved by substituting mi=mg,exp(-i£27). Then, a system of algebraic equations with

resped to the mode amplitudes in the layers is obtained. The system has a non-trivial

solution if and only if the determinant of its coefficients, which are cmplex numbers, is

equal to zero. Thisequation can be solved to dbtain the spedrum of uniform excitations

of the sample. Sincethe wefficients are complex, the frequencies Q.=w.+i/z. are also

complex and are given by

\/o.s(fl +&,+CB,+BC, T
W+ = !
J& +&, +CB, +BGC,)? - 4F,Fy, ~C.C,)(Gy Gy, ~ BB,))

and

~N |

0 5_(’71 +’72)wf +’71£2 +’72£1 - (alFOZ + a2F01)B182 _(a1G02 + a2G01)C1C2 ’
. _2(‘)5+£1+£2+C182+81C2

where

Goi =ViMy; (4t +a,) ,

B, :_?_fyilvlo,i,

N 201 _
Fos = [ = By SIT 5, =, By Mo, (L=COS4,,) M,

Ci = Bi COS’U,
H H.,
i = cosd, +—2 cosg + B.. coL ¢
i Mo, ' My, sp+ B, ¢
M ) ’
+B4,i|\/|0’i2(sin4 b, +cod 9,.)+ 'leM 0,] cosy
itvho,
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(3.2.7)

(3.2.8)

(3.2.9)

(3.2.10)

(3.2.11)

(3.2.12)

(3.2.13)



& =F,Gy; s (3.2.14)

N = a,(Fy; +Gy;) - (3.2.15)

Here &, @, ¢2i, and p4;=p41; are the angles that H, b, ki, and p;; describe with

Mi, as own in Figure 3.2, and y is the angle between the x-axes of the layers. For the

sake of brevity, an additional assumption has been made that the two four-fold axes are

mutually perpendicular, and hence ¢42i=p41j+1/2=p4i+n/2. Since the damping term in

the Landau-Lifshitz equation is defined only to first order on the damping constant,

which is usually small, only terms linear in the Gilbert parameter terms have been
retained above.

Equations (3.2.7)-(3.2.15) predict that two resonant modes will occur. In the

absence of interlayer coupling, these ae simply the uniform mode solutions for the

individual layers, reducing to

coso, +H,,, cosp +
wlz =¢ = inH_I ’ 3 B
Eﬁz,i My, cos2¢,; + B4,i My, COS4¢4,i B
B—| cosd, +H,,; cosy + E (3.2.16)
X0 3+cosAd, .
Eﬁz,i My, cos ¢, + Ba; Mo,f# +4TM E
1.1 _
7 2’7i
H—| Coso, + H,,,; cosp + E (3.217)
ayvig 3cos2p; +1 5cosdp,; +3 C
EFz,i IVlo,i T(p + B4,i M o,i3 T‘L +2rm 0,i E

Otherwise, they correspond to the “acoustic” and “opticd” modes in which the
magnetisations of the two layers precess in and ou of phase, respedively. The
equations may be used to smulate the dependence of the observed mode frequencies

and relaxation rates upon the strength and orientation of the static field, allowing the
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values of the magnetisation, gyromagnetic ratio, anisotropy, exchange bias, exchange

couping and camping parameter to be deduced.

3.2.3 Signal Shapesin Time and Frequency Domains

Finding the particular integral of equation (3.2.6) for a redistic shape of the
pulsed magnetic field, which may be quite mmplicaed, is adifficult problem that must
be solved numericadly®. On the other hand, it is easy to ched that the function

C, exp(-t/t,) representsthe particular integral for

h(t) O ex% Tt—hE (3.2.18)

and a cetain choice of constant C, so that the general solution of equation (3.2.6) is

given by

m,(t) =C_ exp%ri +iat %r C, exp%ri +iw,t %r C, exp% TLE (3.2.19)
_ + h

where C. are ahitrary constants and 7, isthe field decay time.

In order to account for the finite duration of the signal, we multiply this
expresson by the Heaviside step function, and in order to aacount for the finite rise
time, we convolve thiswith a Gaussian kernel. Then the following function is obtained,

which is not arigorous solution of the Landau-Lifshitz equation,

N [t o o’ t C
C_H+efH4—- X -4 +iwt C
5 E‘ 2 Tﬁ% %ﬁ . E* -
1% ] ’ E
. t g o t .
m (t,)==3+C, H+ef—2—- X -4 +it 2.
=g e e e e B o2

[
pedf bl |

where the parameter ¢ can be ajusted in order to set an appropriate rise time for the

signal. At time delays ty that are comparable to the pulsed field rise time, the function
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may deviate from a rigorous solution for the pulsed field given by the third term in the
right hand side of (3.2.18). However, it approaches asymptotically the rigorous solution
at longer time delays if constants C.; and Cy; are dhosen so as to correctly describe the
result of the interadion between the rising field and the magnetisation.

The linea MOKE response of a single film must by calculated by substituting
expresson (3.2.20) into equations (1.2.3)-(1.2.8). The clculation is considerably more
complicaed in the cae of a multilayer where multiple reflections of the opticd fields at
all interfaces should be taken into account'®. However, for small amplitude motion of
the magnetisation it can be expeded that the red and imaginary parts of expresson
(3.2.20), with indices i dropped and scalar constants C. and C;, treded as adjustable
parameters, will describe the response to areasonable acairacy.

It is also useful to have analytical expressons for the line profile of the Fourier

spedraof the signals. From (3.2.20), without indicesi, these ae eaily shown to be

S,=S +S,+5,, (3.2.21)
where
20, 2
C, exp% ol(w-w)” E
o = 2 (3.2.22)
* % +ti(w-w)

oW’
ot
s = ) 2 (3.2.23)
%hﬂw

It is important to note that acording to equation (3.2.20) the response of each

layer contains contributions from both the aoustical and opticd modes, and hence the
spedrum of the signal (3.2.21)-(3.2.23) will contain two frequencies even if only one

layer of the double layer system is adually probed.
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3.3 Comparison with Experiment

Examples of the gplication of the derived formulae to the description of
experimental data ae presented in Figure 3.3. The symbolsin Figure 3.3 (a) correspond
to the measurements of the uniform node frequency at different values of the bias field
strength for a magnetron sputtered Co  film  sample  with  composition
Si(100/Co(100R)/Al,03(100A)*!.  Since the sample had an opagque substrate, the
measurements were caried out using a transmisgon line structure deposited on glass, as
shown in Figure 2.2 (d). Branches A and B show the frequency when the bias field was
applied perallel to the eay and hard axes, respedively. The solid lines represent
simulations with equations (3.2.16),(3.2.9)-(3.2.14). The fourfold anisotropy term was
negleded in this case, and equation (3.2.13) was lved numerically using the stegpest
descent method®".

Assuming the bulk value of 1480emu/cm® for the magnetisation, the best
agreement between simulation and data was obtained for a g-fador of 2.15, a uniaxial
anisotropy constant K of 4 x 10* erg/cm®, and with the uniaxial easy axis set 20° from
the diredion of the static field in measurement configuration A. The areement
between measurement and simulation is very good except for the lowest field values in
configuration B where the static field is applied close to the in-plane hard axis. A
possible reason for this may be that the satic and, hence, the dynamic magnetisations
are nonuniform in this field regime.

The two branches in Figure 3.3 (b) correspond to the two modes (acmustical and
optical) of precession in a spin valve structure with composition as shown in Figure 3.1,
with the space layer thickness d equal to 20 A%**, Each pair of frequencies was

extraded from the same signal. The measurements were made in the same manner as
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Figure 3.3
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simulated MOKE hysteresis loops. The figures are taken from Ref. 31.
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for the Co film with a static field applied parallel to the eay axis. The solid curves
represent simulations with equations (3.2.7),(3.2.9)-(3.2.14), again regleding the
fourfold anisotropy term, and using the stegoest descent method for the clculation of
the static magnetic configuration. Inthe inset the smulated easy axis hysteresis loop is
compared to the measured MOKE hysteresis loop.

In the simulations, the eay axis diredions were found to lie parallel to the
diredion of the growth field. Values of 2.1 and 20 were asumed for the g-factors of
the Co and Nig;Fe;o, while values of 1150and 780emu were obtained for the effedive
magnetisation, which compare with hbulk values of 1420 and 860emu. The Co
anisotropy constant was found to be equal to 3x 10* erg/cm®, which is similar to the
single Co film previously described, while that for NigiFe;g was determined to be eout
10° erg/lem®.  The extraded values of the exchange bias field and interlayer coupling
parameter were 95 Oe and 1.7 x 10° cm, respedively.

As one can see from Figure 3.3 (c), the model is also capable of describing the
angular variation of the mode frequency in an element of square shape. The element
was a 10 um permalloy square of 150 nm thickness. The frequency is plotted against
the orientation of the static in-plane field, the strength of which is diown in the Figure.
The frequency varies with a period of 90°, suggesting that the anisotropy in the element
is predominantly fourfold. There is aso a contribution with period of 360° that is
asociated with the pulsed field that was applied in the sample plane in this particular
case. The exchange bias term in the model, with a field magnitude of 12 Oe, could be
used to reproduce this effed. The aurves also assume values of 2.1 for the g-factor,
860emu for the magnetisation, 0.9 x 10° erg/cm® and 5x 108 cm®/erg for the uniaxial
and fourfold anisotropy constants, respedively

Because of the complicaed pused field profile and the short duration of the

measured signal, the use of the derived expressions for analysis of the signal temporal
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shape did not bring any more information in comparison with the cnventional fast

Fourier transform analysis.
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3.4 Summary

In this chapter, atheory of precessional magnetisation dynamics and relaxation in
an exchange mupled magnetic double layer element of redangular shape was
developed in the maaospin approximation, and successully used to describe the results

of optical ferromagnetic resonance experiments.
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Chapter 4. Time Resolved Scanning Kerr Microscopy
Investigation of Spin Wave Excitations in Ultrasmall Magnetic

Elements and Arrays

4.1 Introduction

Hopes for increasing magnetic recording densitiesto 1 Terabit per square inch and

beyond lie with the use of patterned recording media™®*.

In such media, a bit of
information is represented by the orientation of the magnetic moment of a single
element. A simple alculation shows that in order to achieve adensity of 1 Terabit per
square inch, the element size must be equal to 25nm, negleding the inter-element
separation, and even smaller, if elements are to be reasonably separated. In the presence
of such strong spatial confinement, the spearum of magnetic excitations is dominated

by finite wavelength modes®3°987.101:102.105

, @ opposed to continuous thin films where
the uniform mode is dominant®*.

Larger amounts of stored information also require faster recording schemes. The
most promising of these relies upon ultrafast precessional switching'®!’ of small
magnetic elements. The basic idea is that the magnetisation of a recorded element is
driven to alarge amplitude precessional motion by a perpendicular magnetic field pulse.
The pulsed field is then switched off after exadly a half period of precession. If the
new orientation of the magnetisation corresponds to o is fficiently close to an
equilibrium state, then the element will remain in this date. Thisis because the Landau-

Lifshitz differential equation (1.1.13) is of first order with resped to time, and so the

magnetic motion has no inertia. 1n other words, the duration of the magnetic field pulse
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must match a half-period of precession, which is impossible if the precession is
charaderised by the presence of several eigenmodes of different frequency, such as in
the cae of a small magnetic element. Since the different eigenmodes have different
wavelengths, the switching in the latter case will be spatially incoherent. While some
regions of the element will have switched, others will continue to precess and may
contribute to noise within the recording system. Hence, it is essential to study and
control magnetisation dynamics simultaneously within both the time and space
domains.

The excitation of spin wave eigenmodes in thin magnetic films and elements has

106

been studied experimentally by Brillouin light scatering™, time resolved scanning Kerr

107-110

microscopy®0331021% ferromagnetic resonance . and pulsed inductive microwave

magnetometry®*'*, The development of theoretical understanding of the frequency and

961112114 he to the demand for

gpatial profile of these modes is gill in progres
greder recording densities, the elements in the patterned recording medium must be
closely padked, promoting interadions between elements via stray magnetic fields.
Therefore the dynamical response of an individual element is in general determined by
the spedrum of colledive excitations of the etire aray. Moreover, current
experimental methods do not yet provide sufficient spatial resolution for the dynamical
properties of a single nanoscale element to be studied diredly. Consequently the
magnetic properties of the element must be deduced from measurements made on the
entire aray'%%198111

In this chapter, investigations of the precessional dynamics in
NiFe (27A) / CoFe (10A) single microelement and nanoelement arrays are presented.
Using the time resolved scanning Kerr microscope @& a submicron probe of the

magnetisation dynamics at the ceitre of a sample, we reoord its time dependent

response to a pulsed magnetic field. The frequencies of the precessional modes of the
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samples are determined from fast Fourier transform power spedra cdculated from the
time resolved signals. Micromagnetic simulations of the sample response to both
pulsed and harmonic magnetic fields are then used to identify the origin of the observed

modes.
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4.2 Samples and Experimental Details

The measurements were performed upon a square dement of 6000nm size and
upon 64, 120 220, 425 and 630nm elements that formed sguare arays of about
4000nm total size The samples were patterned using eledron beam lithography. The
dimensions of the elements and the element arrays are summarised in Table4.1. The
scanning electron microscope images of some of the arays are shown in Figure 4.1. In
particular, one can see that the 120nm elements came out slightly rounded dwe to
windage. The 64 nm elements are much more rounded for the same reason.

The mposition of the elements was Ta(50A)/ CogFex (10A)/
NiggFex, (27 A - x) / NiFeTa(x) / Ta(100A), where x denotes the thickness of
permalloy lost due to the interdiffusion with Ta. The values of the thicknesses were

tracedle to calibration measurements performed by X-ray diffradion. The

Element Element Array Number of Inter-element | Array Filling
Size Asped Size Elementsin Separation, Fador,
nm Ratio um Array nm %
6000 2410 N/A 1 N/A 100
630 253 3.3 5X5 375 91
425 171 4 9X9 219 91
220 88 4 13X 13 95 51
120 48 3.9 25X 25 375 59
64 26 3.66 33X 33 484 33
Table 4.1 The dimensions of the elements and the element arrays gudied in this

chapter are summarised.
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Figure 4.1 Scanning eledron microscope images of the arays gudied are shown
for elements of (a) 630nm, (b) 425nm, (c) 120 nm, and (d) 64 nm
size The aursor sizein (a), (b), and (c) is equal to the corresponding
element size while in (d) it is equal to 65nm. The images are
courtesy of Dr. JR. Childressand Dr. JA. Katine.

compositions of the NiFe and CoFe alloys were chosen so that the magnetogtriction of
these two layers would compensate eab other, and the bilayer as a whole would have
vanishing magnetodriction. The CoFe alloy composition also gave a stable fcc

structure. The direction of the eay axiswas %t in the samples by the field annealing.
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A comparison of results of static magnetometry measurements made upon shed
samples of different thickness co-deposited with the elements sowed that 12.1 A of
NiFe was lost due to interdiffusion with Ta. The magnetisations of the CoFe and NiFe
were deduced to be equal to 1445 emu/cm® and 585emu/cm®, respedively. Since the
two layers were strongly coupled by the interlayer exchange interadion, we can trea
them as a single layer with thicknessequal to the sum of their thicknesses (24.9 A) and
with magnetisation given by an arithmetical average of their saturation magnetisations
(930emu/cm®). The uniaxial and average surface aisotropy constants K, and K were
found to be equal to 5120erg/cm® and 0.11 erg/cn?, respectively.

In order to make pump-probe measurements, the elements were formed in
between the tradks of a transmisson line structure with a 30 um track width and
separation, as shown in Figure 2.2 (a), so as to experience an out-of-plane pulsed
magnetic field. The measurements were performed in the time resolved scanning Kerr
microscopy configuration described in detail in sedion 2.2 of the experimental chapter.
In this configuration, the measured signal was proportional to the polar Kerr rotation,
and hence, to the out-of-plane component of the magnetisation. In measurements made
upon the element arrays, several elements were typicaly in the aea probed by the
microscope. Hence, the measurement was snsitive only to the average response of the
elements, falling under the probe spot. The maximum pump-probe time delay was 4 ns.
A datic field H was applied in the plane of the sample and its grength and orientation
were varied duing the experiment. Ead value of the static field was approadhed from
a much greder value, typically about 1-2 kOe, that was sufficient to cause saturation.
The orientation of the bias field will be denoted by the axgle ©® made with an axis
perpendicular to the tradks o that ©=90°, 27C¢ and ©=0°, 180° when field is parallel

and perpendicular to the tradks, respedively.
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4.3 Experimental Results

4.3.1 6 pm Square

First, the measurements made upon the 6 um element are described. Two types of
dynamic Kerr measurement were performed with the probe spot focused at the cantre of
the element. Firstly, the static field strength H was varied with the field vedor H
parallel to the expeded dredions of the eay (EA) and hard (HA) anisotropy axes of
the element, which were parallel and perpendicular to the tradks of the transmisgon line

structure, respectively. Figure 4.2 (a) and (b) show typicd measurements of the time
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Figure 4.2 Typical time resolved Kerr rotation signals measured from the 6000nm
element are presented in panels (a) and (b) for different values of the
bias field applied perallel to the expeded eassy (EA) and hard (HA)
anisotropy axes, respedively. The Fourier spedra of the corresponding
signals in panels (@) and (b) are presented in panels (c) and (d),

respedively.
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dependent Kerr rotation. A linear badkground has been subtraded from the signals.
The signals reveal a damped precesson. The fast Fourier transform spedra of the
signals in panels (a) and (b) are shown in Figure 4.2 (¢) and (d), respedively. Sincethe
oscill ations decayed well within the duration of the scan, the Fourier transforms were
performed using aredangular window function. Aswell asthe field dependent peeks at
higher frequencies, one can also seelower frequency peaks, the positions of which do

not depend upon the bias field strength. The latter peaks originate from the pulsed field
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Figure 4.3 The Fourier spedra of time resolved signals acquired from the 6000nm
element as a bias field of the 240 Oe was applied in different diredions
in the sample plane ae shown. The symbols represent data points, and

the lines are Gaussian pe& fits.
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profile and can be clealy distinguished from the sample response. However, an
acarate determination of frequency seems infeasible for frequencies less than
approximately 2 GHz. Kerr images of the dynamic magnetisation distribution acquired
at different time delays between the pump and the probe (not shown) did not reveal any
gpatial nonuniformity. Hence, the only observed mode of magnetisation precesson was
identified as the uniform node, as might be expeded for such a large element.

In a second type of measurement, the diredion of the bias field was varied, while
its magnitude was kept constant. In Figure 4.3, the fast Fourier transform spedra ae
presented for different diredions of a bias field with magnitude of 2400e. The uniform

precession frequency was determined from the fast Fourier transform spedra by fitting

T T T T T T T T
8 1 m and © areEA and HA Data
. —and----- are EA and HA Fits

Frequency, GHz

T T T T+ T T T * 1
-600 -400 -200 0 200 400 600

Bias Field, Oe

Figure 4.4 The dependence of the uniform node frequency upon the bias field
magnitude is presented for the 6000nm element. The symbols are data
points and the lines are least square fits to the maaospin model

equations, as described in the text.

10C



the pe&s to a Gaussian function. In some @ses, an additional Gaussan pe& was used
in order to represent a badkground due to the pulsed field profile. The extracted
frequencies are plotted in Figure 4.4 as a function of the bias field magnitude, and in
Figure 4.5 as a function of the bias field diredion.

The eperimental points were fitted to equations (3.2.16),(3.2.9)-(3.2.14) of the
maaospin model described in detail in the previous chapter. In the fitting, a
quasialignment condition was assumed, i.e. the magnetisation was asuumed to be
parallel to the bias magnetic field. The Landé g-fador and the saturation magnetisation
were fixed at values of 2.1 and 930emu, respedively. From the fitting, it was
determined that the uniaxial and surface anisotropy parameters had values of

4140:330erg/cm® and 0.15610.022 erg/c?, which are 19 % lower and 29% higher
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Figure 4.5 The dependence of the uniform node frequency upon the bias field
orientation is presented for the 6000nm element. The symbols
represent data points and the lines are least square fits to the macrospin
model equations, as described in the text.
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respedively than the values obtained from the static magnetometry measurements. The
sample eay axis was canted by about 10° from the expeded dredion parallel to the
tradks of the transmission line structure. No sign of a fourfold anisotropy was found. In
fitting the angular dependence of the mode frequency, the assumed value of the static
magnetic field was deaeased by 2 Oe, that is, by less than 1%, which is well within the

field calibration error.

4.3.2 Element Arrays
The measured Kerr rotation signals and their Fourier spedra ae presented in

Figure 4.6, Figure 4.7, Figure 4.8, Figure 4.9, and Figure 4.10 for arrays with 630, 425,
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Figure 4.6 Typical time resolved Kerr rotation signals obtained from the 630 nm
element array are presented in panels (a) and (b) for different values of
the bias field applied parallel to the expeded easy (EA) and hard (HA)
anisotropy axes, respedively. The Fourier spedra of the corresponding
signals in panels (@) and (b) are presented in panels (c) and (d),

respedively.
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Figure 4.7 The same quantities are plotted as in Figure 4.6, but for the 425nm

element array.
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Figure 4.8 The same quantities are plotted as in Figure 4.6, but for the 220nm

element array.
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Figure 4.9 The same quantities are plotted as in Figure 4.6, but for the 120nm

element array.
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Figure4.10 The same quantities are plotted as in Figure 4.6, but for the 64 nm

element array.
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220 120, and 64nm size elements, respectively. The samples showed a smaller
response so that much longer time was required to aajuire asignal of reasonable
quality. Hence, only measurements for two dredions and five different magnitudes of
the bias field were performed.

The 630 and 425nm element arrays showed a single mode. The time resolved
signals from the aray of 220 nm elements exhibit beaing, and so their Fourier spedra
contained an additional mode of a low frequency. The mode is best seen in the signals
for bias fields of 772 and 5890e, while it is obscured by the pegs due to the field
profile & smaller magnitudes of the bias field. The 120and 64 nm element arrays again

showed a single mode & a frequency that was lower than that of the 630 and 425nm

Theshownis
and Maaospin Smulation, and
Experimental Datafor Arrays of
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Figure4.11  The mode frequencies extraded from the Fourier spedra shown in
Figures 4.6-4.10 are plotted as a function of the bias field magnitude.
The lines are the maaospin model fits of the 6 um element frequencies
from Figure 4.4. The solid symbols and solid line correspond to the
bias field parallel to the EA direction. The open symbols and the
dashed line mrrespond to the bias field parallel to the HA diredion.
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Figure4.12  The mode frequencies extraded from the Fourier spedra shown in
Figures 4.6-4.10 are plotted as a function of the element size for
different values of the bias field. The field is parallel to the EA
diredion. The symbols represent data points. The dashed lines
represent simulated frequencies that were obtained with OOMMF under
asuumption that the dements were uniformly magnetised.

element arrays, and in between the frequencies of the two modes observed in the
220nm element array. Figure 4.11 presents the frequencies of the observed modes
together with curves obtained by fitting the frequencies of the 6 um element to the
maaospin model equations. One can see that the deviation from the latter curves is
relatively small for the 425 and 630nm element arrays and much greder for the 220,
110, and 64 nm element arrays.

The dependence of the mode frequencies upon the element size is presented in
Figure 4.12 for the field applied parallel to the EA diredion. One can see that the
dependence is complicaed and non-monotonic. For the 630 and 425nm element

arrays, the frequency increases as the element size deaeases. In the 120 and 64nm
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element arrays, the same trend is observed, but the frequencies are reduced in
comparison with those in the 630 and 425nm element arrays. In the 220 nm element
array, the frequencies for field values of 152 267, and 4050e and the higher
frequencies for field values of 589 and 7720e follow the trend of the 630 and 425nm
element arrays, while the lower modes for the latter field values follow the trend of the
120and 64 nm element arrays. Hence, two branches in the frequency dependence upon
the element size with a adosover from one to the other at the element size of 220 nm,
are observed in the experiment. In the following, we will refer to them as to the “lower”
and “higher” branch. For comparison, Figure 4.12 shows also the precession frequency
that was calculated with OOMMF for uniformly magnetised elements, using formulae
from Ref. 115 as described in the next sedion. One @n see that, although the
experimental data follow the alculated frequencies “on average”, the detailed
dependence on the element size is not properly described. Hence the origin of the
observed behaviour lies in the inherent nonuniformity of the magnetisation distribution
in the elements, which have non-ellipsoidal shape, and so no atempts were made to
analyse the frequencies with the maaospin model formulae derived in the previous
chapter.

However, for the separation of the elements in the present arrays, the field of
interadion between nearest neighbour elements was of the order of tens of oersteds.
Hence, another possibility could be that we observed the wlledive behaviour of the
elements in the arays. This ideawas also suppated by the fad that the line width of
the Fourier pedks was noticeably greaer in the 120 and 64 nm arrays in comparison
with the 630 and 425nm element arrays, although this could also be due to the greater
imperfection of the smaller elements. .

In order to identify which of the above effeds was responsible for the

observation, we undertook numerical micromagnetic simulations of the magnetisation
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dynamics within the single elements from which the arays were @wmposed. The
simulation of magnetisation dynamics in the element arrays was not performed becaise
of the restrictions imposed by the computation time, which was at the limit of the

cgpabilities of the available facilities even for the single element simulations.
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4.4 Micromagnetic Simulations

4.4.1 Details of Simulations

Using the Objed Oriented Micromagnetic Framework (OOMMPF)%? we
performed simulations of magnetisation dynamics in single square elements with
dimensions equal to those in the measured element arrays. The values of the magnetic
parameters and the diredion of the eay uniaxial anisotropy axis were asumed to be the
same & those obtained from fitting the frequencies measured for the 6 um element. We
assimed a value of 13 x 10™2 erg/cm for the exchange stiffness constant, corresponding
to bulk permalloy. The surface anisotropy was included as a uniaxial volume
anisotropy with the eay axis perpendicular to the dement plane. The static field was
always parallel to an edge of the dement, as iown in Figure 4.13, and had values of

152, 267, 405, 589, and 7720ethat were equal to those used in the measurements.

Figure4.13  The geometry for the simulations is shown.



Eadh element was divided into cubic cells with height equal to the element
thickness while the lateral cell sizewas varied to achieve the best compromise between
computational time and consistency of the results. In the simulations presented in this
chapter, a cél sizeof 5, 4, 3, and 2nm was used for 630 and 425 220, 120 and 64nm
elements, respedively. With these @&ll sizes, the simulation of an 8 ns signal required
up to 20 hours of computation time on a Pentium 4 computer with a 2.8 GHz processor
and 1 GByte of memory. This chapter contains the results of more than 100 dynamic
simulations.

Firgt, the static state was prepared for eat element and for ead value of the static
field. The sample magnetisation was allowed to relax in real time from a state with
uniform magnetisation parallel to the x-axis to equilibrium at a gatic field of 3 kOe, and
then to an equili brium at the required value of the bias field. This procedure isin fad
similar to that used in the experiment. In this gage, the first (precessional) term in the
right hand side of the Landau-Lifshitz equation was dropped, which corresponds to the
stegpest descent method of energy minimisation®’.  The static configurations of the
magnetisation that were obtained are shown in Figure4.14. At datic field values of
772, 589, and 4050g, the elements were found to be in the so-called “flower” state™®.
At afield value of 267 Oe, the 120, 220, and 425nm elements switched to the so-called
“S’ state'’®, while the 64 and 630nm elements remained in the “flower” state. At a
field value of 152 Oe, all elementswereinthe "S’ state.

The same static state was then used as the initial configuration in two sets of
dynamical simulations. In the first set, as in the experiment, an out-of-plane pulsed
field with 40 ps rise time, 2 ns decay time, and magnitude of 15 Oe was applied to the
sample. The gpatial distribution of the magnetisation in the element and its value

averaged over the element volume were then recrded every 5 ps during the first 8 ns
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Figure4.14  The static magnetisation distribution is iown on the same @lour scale
for different elements and different values of the static field. The lour
scale represents the y-component of the magnetisation so that white and
blad colourings correspond to the magnetisation canting upwvards and
downwards in the plane of the Figure, respedively.

after the excitation. Figure4.15 shows a typical simulated time resolved average
magnetisation signal. The beding is a sign of several modes present in the signal. The
x-component also contains a small time dependent contribution due to a small canting
of the element magnetisation towards the eay axis diredion. Figure 4.16 shows typical

simulated images of the spatial distribution of the out-of-plane component of the
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Figure4.15 The three @mponents of the average magnetisation of the 220nm
element are shown as functions of time after excitation by a pulsed
magnetic field, while astatic field of 4050e was applied along the x-

axIS.
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Figure4.16  The simulated spatial distribution of the out-of-plane cmponent of the
220 nm element magnetisation is shown for different time delays after
excitation with the pulsed field. The white wlouring corresponds to

positive values.



element magnetisation at different time delays after excitation. The distribution is
nonuniform. In particular, one can see that the central and edge regions of the element
precessout of phase.

In order to study separately the spatial charader of the different modes present in
the signal, a second set of dynamical simulations was performed in which the
magnetisation was simulated by a harmonic field**’ with frequency equal to that of one
of the modes observed in the first set of simulations. The harmonic field was applied
perpendicular to the sample plane and had the same value of 150e. The spatial
distribution of the magnetisation in the element and its value averaged over the dement
volume were then recorded every 5 ps during the first 8 ns after the onset of the
harmonic excitation. Figure 4.17 shows the typicd simulated time resolved average

magnetisation response to the harmonic field. The signal amplitude grows within the
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Figure 4.17  The zcomponent of the average magnetisation of the 220 nm element is
shown as a function of time after the onset of a harmonic magnetic field
with a frequency of 7.851GHz, while a static field of 4050e was
applied parallel to the x-axis. The top panel shows the first 4 ns of the
signal, and the bottom panel shows the next 4 ns of the signal.
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first 3-4 ns, and afterwards is constant. The images of the magnetisation distribution

presented in the next sedion correspond to the last cycle of precession where

nonuniformity due to modes with frequencies different from that of the stimulating

harmonic field no longer contribute significantly to the image wntrast.

4.4.2 Reaults

The Fourier spedra of the simulated response of the different elements to the

pulsed magnetic field are compared in Figure 4.18. The Figure shows only spedra for

the zcomponent of the magnetisation averaged over the element volume, which

Figure 4.18
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The Fourier spedra of the zcomponent of the dynamic average
magnetisation of the different elements are shown for different values of
the static field.
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corresponds to what was measured in the experiment. The pe&k value in each spedrum
was normalised to unity.

One @n seethat the dependence of the simulated spedra upon the element size is
in good quelitative agreement with the measurements. In particular, the aossover from
the higher to the lower frequency branch is sen to occur a an element size of 220 nm.
Although several modes are generally present in the spedra, their relative amplitudes
are different. However, in the 220nm element, the higher and lower branch modes
have similar amplitudes. In contrast, a mode from either the higher or lower branch is
dominant in the spedra obtained from the larger and smaller elements, respedively.
The 64 nm element showed virtually single mode response, with the other modes having
more than then threeorders of magnitude smaller peak amplitude. It was found that the
modes with maximum amplitude were not always those with frequency closest to the
mode observed in the experiment. Therefore, in order to correlate aparticular pe&k in
the simulation with an experimentally observed mode, some alditional consideration
was required. Simulations of the spatial distribution of the dynamic magnetisation in
response to a harmonic field were performed at frequencies corresponding to the pe&ks
in the Fourier spedra shown in Figure 4.18.

The simulated spatial charader of the different modes is shown in Figure 4.19 for
different values of the static field. The grey scale mntrast in the Figure represents the
gpatial distribution of the zcomponent of the dynamic magnetisation. Ead image was
scaled so that points with a signal magnitude greaer than 75% of the maximum are
shown as white and black for positive and negative values, respedively. Ead image
corresponds to atime delay at which the average magnetisation of the element was a a
maximum during the last cycle of precesson within an 8 ns time scan such as that
shown in Figure 4.17. For ead static field value, two modes corresponding to the

higher and lower frequency branches for ead element are presented in the top and
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Figure4.19  The simulated spatial distribution of the zcomponent of the dynamic
magnetisation is presented, as explained in the text.
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Figure4.20  The simulated spatial distribution of the zcomponent of the dynamic
magnetisation is presented for the modes that were not observed in the

experiment.

bottom row, respectively. The images corresponding to the modes observed in the
experiment have been placed within frames. Figure 4.20 shows the simulated spatial
charader of additional modes sen in Figure 4.18 that were not observed in the
experiment.

For the four larger element sizes, we also performed simulations of the response
to a pulsed field, using half the cll size for a time scan of shorter duration. It was
found that the frequencies in the two sets of simulations with different cdl sizes agreed
to better than 1 %. The results for the 64 nm element showed the strongest dependence

upon the dimensions of the @ll, with changes occurring down to a size of 2 nm, as

117



—=—1520e, —® 2670, 4050e,

—v— 5890€, 7720e .
Cdll Size

0.8
0.4/

0.0
0.8-

0.4/

0.0
0.8

0.4/ [t
0.0 [ it
0.8
0.4/ s
0.0 ' L .f',.,.,,,'o,.m,“,.,,..-

|

|
0.8 Mo /‘ ]
0.4l /\ I\ ] | 32nm

0.0 ™=x - = S AL
0.8] A ‘. ]
0.4 / 1 64nm

0.0 tomoetee b S S ol N possadecn]

1 2 3 4 5 6 7 8
Frequency, GHz

JX | 1 2nm

&‘ | 4nm

8nm

FFT Power, au

—
| @
e 4

116 nm

—=
(=
e

Figure 421  The Fourier spedra of the zcomponent of the simulated dynamic
average magnetisation of the 64 nm element are shown for different

values of the static field and different cell sizes.

shown in Figure 4.21. For this element, smulations with a cell size of 1 nm were
unacceptably slow. Hence, it was decided to use the smallest affordable cell size of
2 nm, since the diff erence between the frequencies simulated with 2 and 4 nm cells was
arealy small (lessthan 5 %), although still significant. Overall, the results of the
simulations did not seem to be significantly affeded by the finite cll size

The frequencies obtained by setting the cell size eual to the size of the element,
such as shown in the bottom panel of Figure 4.21, correspond to a uniform distribution
of the magnetisation in the element. The OOMMF implements analytical formulae
derived in Ref. 115 for the average demagnetising tensor components of a uniformly
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magnetised prism. Hence the clculated frequencies correspond to the egenmodes of
the maaospin model correded to account for the demagnetising field. We performed

the alculations for ead element. The results were dso plotted as dashed lines in

Figure 4.12.



4.5 Discussion

Figure 4.22 summarises the results of the experiment and the simulations in the
frequency domain. While agood quelitative ayreement between the experiment and
simulations was achieved, the quantitative ayreement is less good. The frequencies
calculated for the higher branch agree well with the measurements for the four higher
field values. The modes observed in the 220, 425 and 630nm elements for the field
value of 1520e should be atributed to the lower branch mode which, for this field
value, has the greaer amplitude and also a frequency that is closer to that observed in

the experiment. The lower branch modes observed in the 220nm element at field
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O .1 ]
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T 4T 4 ® 267/0e
L 31 i
> L 1 = 1520e
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Element Size nm

Figure 4.22  The mode frequencies observed in the experiment and simulated with
OOMMF are plotted as a function of the element size for different
values of the bias field. The static field was parallel to the EA diredion.
The symbols represent data points, while the solid and dashed lines are
the simulated frequencies of the higher and lower modes from the

Fourier spedrashown in Figure 4.18, respedively.
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values of 589 and 7720e have frequencies that lie much higher than the simulated
frequencies, as do the frequencies observed in the 64 and 120nm elements. In the latter
elements, a seemingly better agreement for the field of 152 Oe may be mislealing, since
the simulated frequency for the 64 nm element is lower than that for the 120nm
element, and is opposite to what was observed in the experiment.

The spatial charader of the modes can be identified from the results of the

dynamic simulations with a harmonic field excitation. Figure4.19 clealy shows that

152 0e 267 Oe 405 Oe 589 Oe 772 Oe

L o

WY T r——--v r.““m
_.______Jn--__.llllﬂlllj" USRI
ittt A A A A A A A A A A A A A A A F.m“l‘ 4

e e e e e e e e e s i .---J hl.m...‘ R
ehh ke heheaa A A A hh A B L A A A A A Al ’.m“l‘ 4
AEEEEEEE—————— e ] ] hl‘lm.‘ R O
tatdeAmhtheteh A A A A A A A A g A LA A A ] mm“l‘ )

Figure 4.23 The spatial distribution of the demagnetising field in different elements
is shown at the same mlour scale for different values of the static field.

The mlour scale represents the magnitude of the demagnetising field.
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the magnetisation dynamics occur a the caitre and nea the alges perpendicular to the
static field, for the higher and lower branch modes, respedively. This is explained by
the distribution of the static demagnetising field within the elements, that is shown in
Figure 4.23. The demagnetising field is enhanced nea the elges of the elements.
Hence, the total effedive field, which is approximately equal to the difference of the
applied and demagnetising fields, is lower in the demagnetised regions than in the
centre, and so the magnetisation precesses at different frequencies in these two regions,
giving rise to the two observed modes. From hereon we refer to the higher and lower
frequency modes as “centre” and “edge” modes, respedively.

The observed crossover from the centre to the edge branch can also be explained
by the effed of the demagnetisation. From Figure 4.23, one can seethat the relative
areaof the demagnetised region, and hence the relative contribution of the edge mode,
increases with reduction of the element size. The trend is opposite for the ceitre mode.
The reduction of the total effedive field in the demagnetised regions also favours the
observation of the edge modes, since the magnetisation precession has generally greaer
amplitude for a lower field.

The localised nature of the magnetisation dynamics for the edge mode suggests
also that the discrepancy observed between the simulated and measured frequency
values is due to the exchange interadion. Thisideais supported by the better agreement
obtained for the larger elements and the entre modes. Indedd, in the simulations, we
asumed a value for the exchange stiffness corresponding to bulk permalloy. Cobalt-
iron alloys are known to have alarger exchange parameter*'®, Hence we performed a
few simulations of the response of the 220 nm element to a pulsed field, in which the
exchange stiffness was increased by 50% (not shown). It was found that the frequencies
of the centre and edge modes increased by about 4% and 21%, respedively. While this

confirms our suggestion that the exchange is important, a systematic tuning of the
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exchange parameter, and probably other magnetic parameters, was not possible because
of the required computation time.

The experimentally observed frequencies have an upward curvature a a function
of the element size and monotonically deaease with deaeasing static field. These
feaures are reproduced by the simulations for the field values of 772, 589, and 4050e.
However, the simulated frequencies for the static field values of 267 and 1520e have a
downward curvature. This is correlated with a change of the static magnetic
configuration from the “flower” to “S’ type d the field value of 152 Oe for the 64 and
630 nm elements, and 2670e for the 120, 220, and 45 nm elements. As shown in
Figure 4.23, this transition changes the cnfiguration of the demagnetising field and
makes it asymmetric. A larger areademagnetised region is creaed nea the top left and
bottom right corners. The spatial charader of the magnetisation dynamics is
transformed in the same manner, so that the dynamic magnetisation becomes locaised
closer to, or virtualy within the corners of the elements, as sen in Figure 4.19. The
exchange interadion pushes the frequency up, as the localisation is increased. One @n
seefrom Figure 4.22 that this increase may even overcome the frequency deaease due
to the deaease of the static field. Inthe experiment, the upward curvature suggests that
the magnetisation in the 64 and 120nm elements did not switch to the “S’ type static
configuration. However, the agreement of the simulations with experiment at a Satic
field of 1520e for the 220nm, 4250Oe, and 630nm elements leads us to think that the
switching between the two configurations occurred at this field value. This might be
explained by alarger coercive forcein the smaller sized elements®™>2

While it was assumed in the simulations that the elements had a square shape,
Figure 4.1 shows that the 120and 64 nm elements are rounded, especially in the cae of
the latter element. This may provide asimpler explanation of the observed discrepancy

between the experimental and simulated frequencies for these elements. The magnetic
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properties of smaller elements are more dfeded by the presence of different sorts of
imperfections. For example, defeds may act as pinning centres and change the aeaof
the region in which the observed modes are localised. Their frequency will hence be
strongly modified by the exchange interadion. The defeds may also significantly affed
the field at which switching occurs between the two configurations. As we have seen,
the latter are charaderised by very different frequencies. The random nature of defeds
will cause different elements in an array to precessat different frequencies, and so the
observed frequency peak will be broadened, as was indeel observed in the 64 and
120 nm element arrays.

Finally, we want to emphasise the importance of the nonuniform magnetisation
dynamics observed in the 64 nm element. Since readout sensors in modern computer
hard disk drives are of similar size, the nonuniformity may significantly contribute to

the readout process
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4.6 Summary

In this chapter, the magnetisation dynamics of small magnetic elements and
element arrays were investigated by means of time resolved optical measurements and
micromagnetic simulations. While the mode frequencies observed for the 6 um element
could be described by a maaospin model, the frequencies of the modes observed for
arrays of smaller elements $iowed a more complicated behaviour. Most of the observed
modes could be identified as falling on two branches charaderised by different
frequencies. The micromagnetic simulations showed that the magnetisation dynamics
are nonuniform, and so the frequencies and relative amplitudes of the modes from the
two branches are determined by the interplay between the exchange and demagnetising
fields. In particular, it was found that the dynamics are nonuniform even in the 64 nm
element, where the dominant mode is confined by the demagnetising field within the

edge regions of the element.
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Chapter 5. Measurement of Hot Electron Momentum Relaxation
Times and Third Order Nonlinear Susceptibility Tensor

Components in Metals by Femtosecond Ellipsometry

5.1 Introduction

Optical pump-probe measurements provide valuable information about a variety
of techrologicaly important phenomena such as eledron thermalisation?, angular and
linear momentum relaxation, exchange of energy between eledron and phonon
subsystems’, opticad generation of magnons®>?® and phonons®, and ultrafast
demagnetization'®. The timescales for the linear and angular momentum dynamics of
eledrons and holes are of particular importance for transport phenomena, where the
carrier energy, diredion of motion and spin polarization play a significant role*'®. The
corresponding spin, momentum and energy scatering times are determined by the
interadions between eledrons, holes and phonons, and by scatering from defeds, and
are expeded to be of the order of afew femtoseands'?®. Hence, there is a need for time
resolved optical experiments that have sufficient time resolution to resolve these
Processs.

The nstruction of ultrafast optically controlled switches, modulators and
regenerators, based upon ron-linear optical materials, is of grea interest for optical

communicaion systems. Although metal-dielectrict**%? and organic-dielectric'®

4 5

nanocomposite, semiconductor®* and organic*®® non-linea materials may possess
larger third-order optical nonlinearities, the non-linea response of pure metals is faster,
while still being of significant magnitude®2613%. Although a phenomenological theory

of the nonlinearity already exists in the cntinuous wave (cw) approximation’,
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relatively little has been done towards developing a microscopic understanding of the
time scales of the underlying microscopic processes. Thisis partly due to a shortage of
experimental studies of adequate (femtosecond) temporal resolution. The optical pump-
probe technique @n fill this gap and is able to distinguish between the real (refradive)
and imaginary (absorptive) parts of the third order nonlinea tensor »®, which is
important for the implementation of all-optical devices'.

In this chapter, a first comparative study of the femtosecond non-linea optical
response of a series of noble and transition metal thin films performed under the same
experimental conditions is described. An elliptically polarized pump beam was used so
that the SIFE and the SOKE were present smultaneously in the time resolved signal.
This allowed a small yet significant time delay between these effeds to be observed
within signals of bipolar shape. The zeo time delay position of the polarisation signal
was defined with resped to the onset of the transient refledivity signal which was
simultaneously measured. Since the latter is expeded to be independent of the pump
polarisation, this also allowed the relative timing of the transient rotation and ellipticity
signals to be compared for a particular effed (the SIFE or the SOKE). In some cases,
the individual SIFE and SOKE curves had hipolar shapes.

The SIFE and SOKE contributions were separated using the tednique developed
in Ref. 76, and their maximum values were used to extract the non-vanishing
components of the third-order optical susceptibility tensor . Both the signal
maximum values and the values of the »® components were found to depend
systematically upon the position of the metal within the periodic table. The SIFE-
SOKE and transient rotation-ellipticity time shifts, and the shapes of individual signals
were succesdully reproduced by fitting the SIFE and SOKE components to a smple

theory developed in the relaxation time goproximation. This allowed relaxation times to



be extraded for the non-linear polarisation, which were then interpreted in terms of
scatering of the linear and angular momentum of hot eledrons.

Finally, the reliability of the tednique was tested. For this purpose, the
measurements of the pure SOKE were caried out using a linealy polarised pump.
Then, the reliability of the SIFE-SOKE separation technique was examined firstly by
comparing the SIFE signal extraded from the elliptical pump measurements with the
pure SIFE signal measured in experiments with a drcularly polarised pump, and
seoondly by comparing the SOKE component extracted from the elliptical pump
measurements with the pure SOKE signal measured in the experiment with a linealy

polarised pump. The reliability of the fit isalso discussed.
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5.2 Experiment

5.2.1 Experimental Details

All measurements presented in this chapter were made using the single @lour
pump-probe gparatus, which was described in detail in chapter 2 and shown in
Figure 2.1, with 90fs transform limited pulses a a ceitre photon energy
how=1.5750.010eV. The pump and probe pulses, with energies of 2nJ and 0.04 nJ
respedively, were direded onto the sample & angles of incidence of 7° and 27°
respedively, focused to spots of 15 pum diameter, and then carefully overlapped. The
probe was always p-polarized. The polarizaion of the pump was varied continuously
from a p-polarized state ather to a drcularly polarized state, by rotating a quarter wave
plate placel after a polarizer (geometry 1), or to a state in which the beam was linearly
polarized at an angle to the plane of incidence, by rotating a polarizer situated after a
quarter wave plate (geometry 2). Except for the Cu sample, the spot positions were not
adjusted duing measurements in either geometry, and measurements were completed
within 1 or 2 days for eat sample. The transient changes in the probe intensity and
polarizaion state were recorded simultaneously. A quarter wave plate was placed in
front of the bridge detedor when the ellipticity # rather than the rotation 0 was

measured.

5.2.2 Samples

Meaurements were performed upon moble and transition metal thin films,
deposited by magnetron sputtering onto Si substrates. Since the ¥ tensor was expedted
to depend upon the detailed structure of the sample, X-ray reflectivity measurements
were performed to determine the thickness, roughnessand composition of the samples.

The results of the X-ray measurements are summarized in Table 5.1.
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Film Film Oxide Layer Oxide Layer
Thickness, Roughness Thickness, Roughness
nm nm nm nm
Cu 32.60+0.05 0.87+0.05 3.50+0.06 0.94+0.04
Ag 24.2+0.3 2.5+0.3 8.3+0.6 3.6+0.3
Au 28.10£0.03 1.30£0.01 n‘a n‘a
Ni 53.6x0.4 0.90+0.15 1.2+04 0.46+0.03
Pd 61.8+0.7 2.50+0.26 1.0+£0.7 0.500+0.010
Ti 25.6x0.4 0.26+0.05 1.14+0.20 0.320+0.010
Zr 42.50+0.07 0.47+0.06 2.50+0.07 0.446+0.010
Hf 76.60+0.14 1.04+0.08 4.80+0.08 0.872+0.020
Table5.1 A summary of the structura parameters of the samples investigated in

this chapter is given.

5.2.3 Measurementswith Elliptical Pump

For eath sample two sets of measurements were performed. In the first set,
geometry 1 was used and time resolved rotation (or dlipticity) and reflectivity signals
were simultaneously recrded for different orientations of the pump querter wave plate.
In this chapter, only the polarization response on time scales of a few hundreds of
femtoseoonds is discussed. The rise of a transient refledivity response with much
longer relaxation time was used here only to verify the zeo time delay position. The
reflectivity response of these and ather samples is discussed in more detail in the
following chapter.

The time resolved rotation and ellipticity signals aoquired for different

orientations of the pump querter wave plate ae shown in Figure 5.1 and Figure 5.2,
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respedively, for different metals. As expeded from equation (1.2.14), the signals
consist of two components varying with periods of 90° and 18)° with resped to the
angle ¢ between the fast axis of the pump querter wave plate and the plane of incidence.
The SOKE contribution has period of 90° and becmes more pronounced as the pump
polarisation ellipse axis becomes more asymmetric and is canted at a larger angle to the
plane of the probe polarisation (e.g. for p=+22.5°+67.5°). The SOKE vanishes when
the pump is either circularly polarised (e.g. for p=+45°) or linealy polarised parallel to
the probe polarisation (e.g. for ¢=0°). The SIFE contribution has period of 18C¢° and is

most pronounced for circular pump polarisation (e.g. for p=+45°), while vanishing for
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Figure5.1 The transient rotation signals obtained in geometry 1 are presented. The
signals obtained from different samples are aranged acording to their

position in the periodic table of elements.
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Figure5.2 The transient ellipticity signals obtained in geometry 1 are presented. The
signals obtained from different samples are aranged acwrding to their

position in the periodic table of elements.

linealy polarised pump (e.g. for p=0°).

Equation (1.2.14) does not describe the temporal form of the signals. Let us make
the common asumption that both SIFE and SOKE give rise to pegks with centre at the
zero time delay position and with shape identical to the aosscorrelation of the pump
and probe intensity envelopes'®’. Then if both effeds have finite amplitude, one would
expect to see asignal with shape identical to that of the aoss correlation curve for all
values of ¢, but with varying amplitude a the SIFE and SOKE either add or cancel.
Instead, we observe that for some values of ¢ the signal has a bipolar temporal shape.
This suggests that a small time delay exists between the centres of the SIFE and SOKE

132



pe&ks. In addition, the signals acquired with circular pump are themselves slightly
bipolar. This may indicate the presence of two components sifted in time within the
pure SIFE signals.

The transient rotation and ellipticity signals are similar in shape inside the group
of noble metals. The Ni and Pd samples have transient rotation signals of similar shape,
while their transient ellipticity signals are different. In the group of hcp metals, the Zr
and Hf signal shapes are similar both in rotation and ellipticity, while the Ti time

resolved signal is mewhat different.

5.2.4 Measurementswith Linear Pump

In the second set of measurements, geometry 2 was used and time resolved
rotation (elli pticity) and refledivity signals were recorded for different orientations of
the pump polarizer. The signal-to-noise ratio in this st of measurements was mewhat
worse than that in the measurements performed with an elliptically polarised pump,
because the pump intensity in this geometry was only half of that in geometry 1. In
particular, it was not possible to aaqquire asignal of acceptable quality from the Ag film.
The measured rotation and ellipticity signals are shown in Figure 5.3 and Figure 5.4,
respedively, for the different metals.

As expected from equation (1.2.15), the signals consist of only a pure SOKE
component with magnitude varying with period of 180° with resped to the agle y
between the transmission axis of the pump polarizer and the plane of incidence The
maximum peak heights were observed when the pump polarisation was oriented at
w=145° to that of the probe polarisation. The transient rotation and ellipticity signals
are similar in shape for Cu and Au. The Ni and Pd samples have transient dllipticity
signals of similar shape, while their transient rotation signals are now different. As far
as the main peak is concerned, all three hcp metal samples showed a signal of similar

shape both in rotation and ellipticity, although some signals were slightly bipolar.
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Together with the clea bipolarity of the Pd transient rotation signal, this indicaes the

presence of two contributions to the pure SOKE signal that are shifted in time.
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Figure 5.3 The transient rotation signals obtained in geometry2 are

presented. The signals obtained from different samples are
arranged acoording to their position in the periodic table of

elements.
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5.3 Theory

5.3.1 Earlier Work and thisThesis

The dependence of the magnitude of the SIFE and SOKE upon the sample
parameters and the pump intensity and polarisation was calculated by Zheludev et a. in
the continuous wave excitation limit for circular and linear pump polarisations™. The
generalisation of this theory for the cae of elliptically polarised pump (1.2.14)-(1.2.16)
was pubished by Wilks and Hicken™®. In order to apply these euations to a
femtosecond pump-probe experiment, an additional assumption hed to be invoked that
the signal should have the shape of the pump-probe intensity crosscorrelation, and the
magnitude derived from the continuous wave model. It was suggested that these effeds
are due to the orientation of the eledron linear and angular momentum. However, to
the best of my knowledge, no attempts have been made to include the eledron
momentum relaxation within the description of the shape of time resolved SIFE and
SOKE signals obtained from metallic samples. The time delay between the SIFE and
SOKE peaks observed by Wilks and Hicken in aluminium®™° was explained in terms of
the model described below.

The aim of this dion is to develop the simplest model capable of describing the
SIFE and SOKE signal shapes observed in the experiments. The model is based upon
simple rate equations for electrons with different linea and (or) angular momentum.
No atempts have been made to acount for the band structures of different samples or
subtleties of optica absorption theory.

The electron dynamics in metals are investigated with femtosecond time
resolution in two photon photoemission experiments®. The ideathat the signal can be

described by a double cnvolution of an exponential decay with the laser pulse shape is
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commonly used there, and served as a starting point for the model described below.
Similar expressons were also used to fit time resolved polarisation signals obtained
from semiconductors'** and lately metallic AI**°. However, only the cntributions with
longer (picosecdond) relaxation times were fitted in this way, while the pump-probe
croszorrelation was gill used to fit the initial pe&k that was observed on femtosecond

time scales.

5.3.2 Simple Picture of Transient Optical Absorption

The probability of the optical absorption of photon with energy E=Aw may be

described as

+00 +oo

S(E)= | J N(&)M (¢,&',E)|H (¢')dede’ (531

where N(g) and H(¢) are the total numbers of eledrons and holes per unit energy at the
energy level . N(e) and H(e) are equal to v(e){(€) and (1-v(g)){(), respedively, where
V(e) is the electron distribution function, described at equilibrium by the Fermi-Dirac
function (1.2.12), and {(¢) is the eledron density of states (DOS). The function
M(s,s',E) is proportional to the probability of an eledron transition from an
individual state & energy ¢ to an individual state a energy &' upon absorption of a
photon of energy E. Conservation of energy demands that
M(e,e") = M(e,€)d(e' —€ —E) so that the integration over &' may be eaily caried

out, and we obtain
S(E) = [N(E)M(£.& + E)|H (¢ + E)de , (53.2)

Generally, the function M(e,e+E) depends upon the matrix element for the electric
dipole transitions between levels ¢ and ¢+E, and hence upon the eledronic structure of

the sample. In order to rigorously trea the intraband processs, a realistic phonon
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Figure 5.5 The effed of the pump excitation is shematically illustrated. In
particular, it is shown how some transitions for the probe pulse ae
bleached and some ae induced by the pump.

spedrum must also be onsidered. In addition, M(g,e+E) depends upon the incident
optical polarisation and the distribution eledrons between different linea and angular
momentum states. For the present argument, we simply postulate its existence

For the unperturbed state at zero temperature, one may write

0 0, for e>¢.,

N(e) = ENO(S) for e<e., (5.3.3)

H(e) = [H,(g), for e>¢. 534
D 0, fore<eF (534

where Np and Hy are the unperturbed numbers of eledrons and holes, respedively.

Hence, one may write the unperturbed absorption probability at photon energy E as
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S(E)= [No(e)Me.e + E)Hy(e + E)de. 535)

If the eledronic system is instantaneously excited by an intensive pump pulse, as

shown in Figure 5.5, and remains in the excited state then

S(E)=1,+1,+1,, (5.3.6)
where
|, = SFI_ENO(g)M (e, + E)h(e + E)de (5.3.7)
eg—2E
1= [(No(&) ~h(E)M (e, + E)(Ho(e +E) ~n(e + E))de, (539)
I, =" [n(e)M (.2 + E)Hq (¢ + E)de (5.3.9)

where n(¢) and h(e) are the numbers of non-equilibrium eledrons and holes,
respedively, excited to energy level e. Strictly speaking, the function M(e,e+E) is also
modified by the pump. For the sake of simplicity, we neglect this effect and consider
only the effects of the pump induced eledron redistribution within the phase space

In a pump-probe eperiment, only changes in the &sorption probability
ASE)=9E)-S(E) may be sensed. Sincen(¢),h(s) << No(¢),Hoh(¢), we retain only terms

that are of first order in n(e) and h(e), and hence obtain
ee-E
AS(E)D [ Ny(g)M(g,e+E)h(e + E)de
eg—2E

~ [No(€)M (e.& +E)n(e + E)de

- (5.3.10)
— [h(e)M(g,e +E)|Hy(e + E)de

e +E

+ [ n(e)M (g,6 + E)|H, (e + E)de.

As one can see the effed of the pump excitation is twofold. Firstly, the probe

transition from region Il to region Il in Figure 5.5 is bleached by the presence of holes
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in region Il (third integral in the right hand side of (5.3.10)), and by the presence of
eledrons in region Il (secnd integral). Secondly, the same hole and electron
populations also permit optical transitions in which electrons are excited from region 1V
toregion Il (first integral), and fromregion 1l to region | (second integral). Hence, four
different processes may contribute to the transient absorption change ASE). In the
dynamic case, the numbers of hot eledrons and holes n(¢) and h(e) must be replacel by
time dependent functions n(e,t) and h(e,t) that account for the finite energy relaxation of

the non-equilibrium carriers. The functions are calculated in sedion 5.3.4.

5.3.3 Modd of SIFE and SOKE

In the SIFE and the SOKE, the sample aquires a linea and (or) circular
birefringence upon absorption of an intense elliptically polarised pump pulse, that
results from transfer of the linear and (or) angular momentum to the optically excited
hot eledrons. The linearly polarised probe pulse @an be represented as a superposition
of either two circularly polarised pulses with opposte helicities, or two linealy
polarised pulses with polarisation axes that are parallel and perpendicular to that of the
pump. The probe polarisation is then modified due to the difference in the refradion
and absorption of the two circularly polarised components for the SIFE, and (or) the
linealy polarised components for the SOKE.

Using (5.3.10), we describe the SIFE and SOKE by

AS,(E,t) O EFI_ENO(s)M (e, +E)dh, (e +E t)de
— [No(£)M (g,& + E)an, (¢ + E, )de

" (5.3.12)
= [Ohp(e,t)M(g,e +E)H (¢ + E)de

& -E

ee+E

+ [on,(&,t)M (e, +E)H, (e + E)de,

where P denotes either the SIFE or the SOKE. Here, dnp(e,t) is the difference in the
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number of eledrons with angular momentum parallel and antiparallel to the pump linea
momentum, in the cae of the SIFE, and the difference in the number of eledrons with
linead momentum parallel and perpendicular to the ais of linea birefringence, in the
case of the SOKE. Similarly, dhe(e,t) represents the modified momentum distribution
of the holes. The orientation of the eledron linea momentum vedor varies
continuously, and hence our assignment of an eledron to one of the two populations
with orthogonal linear momentum is an assumption. Likewise the axgular momentum
may occupy arange of values depending upon the wupling scheme within the metal. In
order to acount for the transient rotation and ellipticity of the probe pulse, AS> and M
are now considered to be complex numbers, so that the transient rotation and ellipticity
are given by the real and imaginary parts of AS,. We also assume that M does not
depend upon the eledronic angular and linear momentum. In other words, the sample is

assumed to be isotropic and nonmagnetic.

5.3.4 Rate Equations

Let us consider the number of eledrons or holes at an energy level . We assume
that every eledron with this energy is in one of four states defined by the two possible
values of the linea momentum and the angular momentum. The number of eledrons or
holes changes either via elastic scatering between these four states, or via inelastic
scatering from the energy level. In the relaxation time gproximation, both these
proceses and the excitation by the pump pulse @an be described by the following
system of kinetic equations in the relaxation time gyproximation (also known as the rate
equations)

rY rY rY t1MYZ A1Z LYY ALY 1YZ AL

p' Y =—aTp T +a"p P +a" " p +a"t pt + 5l (1), (5.3.12)

1Z 11 ZY 1 11zZY LY

p'l=a pv_arzprz+a 0 +ql'%

p'Z+rgl(t), (5.3.13)
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LY LYY 1Y 1tYZ J12 Y ALY llYZ

p=a pta pT-a’p p'e+spl(t), (5.3.19)

1z

Jo)

11ZY 1Y 11zz

=a'"p" +a'Fp t+att T pt —atiptt +rpl (1), (5.3.15)

where the sourceterms in the right hand side ae defined for eledrons by

2A

(e =2 X _4In2(t-t,)° 0

n2 0O
L2 exprr _U—EN o(E—E)M(e-E,&)Ho(e), (5.3.16)
0

and for holes by

[l -
2A, 2, B x_ 4In2(t t,) O

| (e,%,1) =222 [N (e)M (e, +E)Ho(e +E) . (5.3.17)
ot 0 lo

In these eguations, the function o

is the number of eledrons (np(e,t)) or holes
(hp(e,t)) in state o102, where ol represent t+ (“angular momentum up”’) or | (“angular
momentum down”), and ¢2 represents Y (linear momentum parallel to the y-axis) or Z

(linea momentum parallel to the zaxis); a”7 is the tota scatering rate (inelastic and

elastic proceses) for state 0102; a?°*??°?is the elagtic scatering rate from state

ol'o2' to state 0lo2; A is the pump pulse energy per unit excited volume, which is
equal to Sy, where S is the pump spot area and |o is the optical skin-depth of the
material; o isthe full width at half maximum (FWHM) of the pump pulse; to is the time
of arrival of the pump pulse & the sample, and t is the time variable. The parameters p
and q describe the efficiency of angular momentum orientation so that for linealy
polarised pump p=0g=0.5, and for left and right circular polarisation p=1, g=0, and p=0,
0=1, respedively. Let uschoose the mordinate system so that the zaxisis a 45° to the
probe plane of polarisation. Then, the parameters r and s describe the efficiency of
linea momentum orientation parallel to the z and y-axes, respedively, so that for pump
polarised either circularly or linealy parallel or perpendicular to the probe polarisation
r=s=0.5, and for linea polarisation parallel to the z and y-axis r=1, s=0, and r=0, s=1,

respedively.
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Let us denOte po :pTY +pTZ +plY +plZ’ pj: :(pTY +pTZ)_(pLY +piZ)’
Py, = (P +p)=(p"" +p'"),and p, =(p'" +p'*)=(p"" +p'?) . We note that po
is the total number of hot eledrons (holes), p;, and p,, are the angular and linea

momentum polarisations of the hot eledron (hole) population dngre(e,t) and dnsoxe(e,t)
(Shsire(e,t) and Shsoke(e,t)), while the physical meaning of px is unclear.

If we assume that the total scatering rates o?? are dl equal to the same constant
a, and that the scattering rates a7*°°? are egud to a*, if ol'20l and 02'=02; a*?, if

o0l'=01 and 02'402; and a*, if o1'201 and 02'#02, then we obtain

P, =—(a —a-at-a*)p, +1(xt), (5.3.18)
pr=-(a@ —a" +alt+a*)p, +(r +s)(q- p)(xt), (5.3.19)
Py, ==(@ +a* —at +a*)p,, +(r-s)(g+ p)l(xt), (5.3.20)
Py =—(a +a " +at-a*)p, +(r-s)(g-p)l (xt). (5.3.21)

All these egjuations have the same form and may be solved analytically to obtain

the particular integral

p =

. B x oa’ é \ H

e 2+ -a’ (t-t, 5.3.22
_Ab ng—lo JIn2 ( E +eer2\/ﬁ(t—to)_ oo’ ] (5329
B 2E H o 4in2 ]

where

Lo,
EBnSWE(ar?IFE(S)’t)’ or

U
503 = Eﬁn (aSIFE(S) t)

p* =0 SIFE\Yh o 1t
EPYZ — BBnSOKE(an (€),1), or
B [&'SOKE(GEOKE(S)J)’
Px>

(5.3.23)
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-a” -a'-a* =aq,,

(o SFE(g or
—a?+at+a* Ea$ -0 gIFE( )
mh (8)’

wSOKE c 10r
~at+a* =0y =0 gOKE( )
mh (8)’

(5.3.24)

+a"

Q>(-
15 B R g

+a” +at -a* =a,,

and

O 1,

A(E) = AN, (e ~E)M (e ~ E.£)Ho(e) * %: :;8; E;

Hr -s)(a- p),

(5.3.25)

for eledrons, and

O 1,

Hr +5)(a- p),
E{r -s)(g+ p),
Hr -s)(a- p),

Ao(€) = AN, (€)M (£,6 + E)|H, (€ + E) x (5.3.26)
for holes.

The dependence upon energy enters these expressons through that of the
relaxation rates (5.3.24). For example, the Fermi liquid theory predicts that the inelastic
scatering rate of eledrons is proportional to square of the excessenergy relative to the
Fermi level. Therefore, the integrals in (5.3.11) should be now evaluated. However, in
our smplified approach we avoid this in the following way. We divide the integration
interval in every integral in (5.3.11) into several parts © that in each interval we @an
negled the dependence of the various relaxation rates upon energy. Then we @n

rewrite (5.3.11) as

Eh En
AS.(E,t) O j;kh'f Oho(ay . t) + j;k,:fjanp(a,? 1), (5.3.27)

where the mmplex coefficients k,? ; and k,fj ; aregiven by
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Kij = J A(E)(Ny(e~E)M (e ~E,)-M(e,e +E)H (¢ +E))de,  (53.29)

Enj

ke = [ M(OM(e.£ + E)Hy(e + B) ~No(e ~E)M( - E,6))de,  (5.3.29)

n,J

Eh1 =&k -E, Enen =EFy Enp =&, Enp i TE T E, (5.3.30)

P

and the functions dh,(ay;,t) and dN,(a,,;.,t) are defined by equations (5.3.22)-

(5.3.24), but without the prefador Aj(€). In the simplest case when one negleds the
energy dependence of the scattering rate, there ae only two terms in the right hand side
of (5.3.27): one for eledrons and one for holes.

By comparing with equations (1.2.14) and (1.2.15), it is eassy to see that
parametersr, s, g, and p must depend upon the orientation of the quarter wave plate ¢ in
the experiment with elliptically polarised pump as

r= %(1+sin4¢), s= %(1—sin4¢),
(5.3.31)
1 : 1 .
q= E(1+5|n2¢), p= E(1—5|n2¢),
and upon the orientation of the polarizer ¢ in an experiment with linealy polarised

pump as

r:%(1+sin2w), s:%(l—sinZL,U), q=p=

N |-

(5.3.32)

The rotation and ellipticity signals are equal to the real and imaginary parts of

(5.3.27), respedively.

5.3.5 Simulations

As far as the experiments are concerned, the main result of this calculation is that
a transient SIFE or SOKE signal may in general contain several contributions of the

form (5.3.22), convolved with the tempora form of the probe intensity, for which we
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Figure 5.6 The dependence of the signal shape defined in equation (5.3.22) upon
the relaxation time T =1/a” is illustrated. The FWHM was st to 90 fs.

The signal was convolved with the temporal form of the probe intensity.

asumed a Gaussan shape. Let us consider a signal that is described by a single term of
thetype givenin (5.3.22). The dependence of the signal shape upon the relaxation time
T=1/a" is illustrated in Figure 5.6. Increasing the relaxation time gives rise to four
effeds: the time resolved signal becomes bigger and more asymmetric, it broadens, and
the position of the maximum shifts towards positive time delay.

In order to fit our data it was necessary to include two terms of the type given in
(5.3.22)

QS!FE(SDKE) (r’ SFE(SDKE)) ]

4 opf Ha¥2IN2 ty

12 gre(soke) o g g (56.3.33
2 jzl'%(’”’l E o 2.[]_S|FE(SOKE) 2In 2 pg TjSFE(SOKE) 5
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where A5 ® are the amplitudes of the SIFE and SOKE signal components in

rotation and ellipticity, and tq is the pump-probe time delay. In fitting the experimental
data, these should be treded as adjustable parameters. Also, for a particular metal, the
same four relaxation times 1,77 *®) and 1J(*® ghould be used in fitting the SIFE
and SOKE rotation and ellipticity signals, while the value of the zeo delay time to
should be the same for al four traces. As the model does not allow us to identify the
physicd origin of the two contributions, the results of the fitting procedure will require
additional interpretation.

So far, we have negleded any transport effeds. However, ballistic eledron
transport takes place on femtosecond time scales and may cause reduction of the signal,
if hot eledrons are ale to leave the excited volume of the sample. This may be
acounted for crudely by substituting the skin depth |y in equations above by o+,
where the ballistic range Iy iS understood to be the average distance ahot eledron can
travel in the diredion away from the surfacebefore it is first scatered. This distance
depends upon the average wllision frequency and the eledron group velocity, and has a

value of about 100 nm for noble metals’.



5.4 Analysis and Discussion

5.4.1 Time Resolved SIFE and SOK E Contributions

For the signals measured in geometry 1, both the SIFE and SOKE contributions
were present simultaneously. These wuld be separated since acording to
equations (1.2.14) and (1.2.15), for pairs of signals with ¢ equal to +22.5° and +67.5°
(or aternatively -22.5° and -67.5°) the SIFE component has the same magnitude and
sign, while the SOKE component has the same magnitude but opposite sign. This
means that the differencedivided by 2 of the signals at +22.5° and +67.5° (or -22.5° and

-67.5°) contains only the SOKE component, while their sum contains only the SIFE

component, but multiplied by J2 in comparison with that measured at ¢p=+45°. In
order to improve the signal-to-noise ratio and to remove aty remaining badkground duwe
to the reflectivity bresthrough, the SOKE signals extraded from pairs of signals at

+22.5° and +67.5°, and -225° and -67.5° were averaged. Similarly, the SIFE

components extraded from these pairs of signals and divided by V2 were averaged
with the SIFE signals measured at p=+45°. The etraded time resolved SIFE and
SOKE contributions to the signal measured in geometry 1 are shown in Figure 5.7. We
note that, drictly spe&king, formulae(1.2.14)-(1.2.16) are valid only a normal
incidence. However, they provide a reasonable gproximation to the present
experimental configuration since the pump and probe beams are strongly refraded
towards the fil m normal within the sample.

It is easy to seethat there is a striking similarity between the relative signs and
relative magnitudes of the SIFE and SOKE signals shown in Figure 5.7 within the group

of noble metals. Zr and Hf define asecond group to which Ti can also be assgned if
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Figure 5.7 The SIFE and SOKE contributions to the transient polarization response
(symbols are data points, and solid curves are fits to (5.3.33), as
explained in the text) are shown with the pump-probe intensity cross

correlation for the different samples measured.

one asumes that the bipolar shapes of the Ti SIFE ellipticity and SOKE rotation traces
result from the presence of two pe&k-like antributions (two ead for SIFE and SOKE)
that have different centre positions and opposite signs. One of these pe&ks tends to
make the SIFE and SOKE signals similar to those of Zr and Hf, while the other pesk
bredks the similarity. Making similar allowance for the bipolar shape of the Pd SIFE
ellipticity and SOKE rotation signals, Pd and Ni form another group. The relative signs
and magnitudes of the signals differ substantially between the three different groups.

To make this observation even clearer, the complex amplitudes of the SIFE (F.) and
14¢



SOKE (F+/2), as defined by equation (1.2.16), determined from the maximum values of
signals shown in Figure 5.7 are plotted in Figure 5.8 for the different metals. The
“aternative” values of F. and F./2 for Ti and Pd are shown by dashed lines. The three
groups correspond to threedifferent columns of the periodic table of elements, and so a

different colour has been used for ead group.

Im(F,)/2
Im(F.)
SIFE SOKE mdeg
O -Au 5
e O -Cu i
A A -Ag
v \Y4
* &
< < Re(F,)/2
> > Re(F))
* w mdeg
6

Figue58  The omplex SIFE (F.) and SOKE (F./2) magnitudes are shown with
filled and open symbols, respedively, on the cmplex plane for different
samples. Different colours were used to denote metals from different
groups of the periodical table. Dashed lines correspond to the
“aternative” values of F. and F. for Ti and Pd that correspond to the
pe&ks bre&king the similarity with the other metals in their groups.
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The electronic structure is similar within each group as far as optical properties
are oncerned. For example, at the photon energy used in our experiments the optical
response of the noble metals is entirely due to intraband optical transitions*>? while that
of Ti, Zr, and Hf is dominated by interband transitions******. The optical structures of
Ni and Pd are more complicaed, and both interband and intraband transitions can
contribute*®.  This interpretation is supported by the observation that the signals of

largest and smallest magnitude occur in Zr and Ag, respedively.

5.4.2 Linear and Angular M omentum Relaxation Times

The SIFE and SOKE contributions (both in rotation and ellipticity) generally
ocaur & different time delays. However, the zeo delay condition must be uniquely
defined. Therefore the non-linea response annot be described as a aosscorrelation of
the pump and probe intensity envelopes, as has been previously assumed (for example
seeRef. 127), and hence, cannot be used for the purpose of pulse width measurements.
The temporal positions of the SIFE and SOKE peéks are summarised in Table 5.2. The
same allowance for the bipolar shaped signals of Pd and Ti is made. One can see that
the relative order of appeaance of the SIFE and SOKE pe&ks is the same within each
group of metals, the only exception being the transient ellipticity signal of Hf in which
the SIFE and SOKE have opposite order to that in Ti and Zr.

The temporal shapes of the SIFE and SOKE signals may be described by a
convolution of the probe intensity envelope with evolution functions for the sample
polarisation, as discussed in the previous sedion. This transient polarisation results
from optical orientation of eledronic linea and angular momentum and decays on
timescaes of tens of femtoseands. Differences in the relaxation times of the SIFE and
SOKE cause their pe&k positions to be shifted by different amounts, as $own in
Figure 5.7, and as is redaily apparent when SIFE and SOKE are both present in the

same measurement, as in geometry 1.
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SIFE SIFE SOKE SOKE

Rotation, Ellipticity, Rotation, Ellipticity,
fs fs fs fs
Cu 77 27 29 75
Ag 71 21 35 63
Au 77 31 37 85
Ni 27 70 72 25
Pd 39 131(-1) 117(-9) 43
Ti 30 110(-10) 110(-8) 38
Zr 0 53 57 2
Hf -3 29 45 43

Table 5.2 The temporal positions of the SIFE and SOKE ped&ks are

summarised. The numbers in parenthesis for Ti and Pd correspond
to the “alternative” pe&ks that bre& the similarity with the other
metals in their groups.

The relaxation times have been extraded by fitting the measured SIFE and SOKE
signals to equation (5.3.33). The bipolar shapes of the extracted SIFE and SOKE
components for Ti and Pd suggest the presence of two contributions for ead effect of
opposite sign and different relaxation times. Hence, a superposition of two double
convolutions in the eguation (5.3.33) was used in the fitting. This has been further
justified by the fitting process For a particular metal, it was not possible to obtain a
satisfadory fit with a model that contained a single double @nvolution, if the same
value of the zeo delay time was used for al four traces. The fitted SIFE and SOKE
contributions are represented in Figure 5.7 by solid curves. The fitting parameters are

summearised in Table 5.3. The statistical significance of the fit is discussed below.
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SIFE SOKE
Infs 2, s 1, fs Infs
(Ao1, Aqa, al) | (Asz Aqz,al) | (Aez, Aqa, al) | (Aeg, Ayo, au)
Cu 25 27.5 22.5 235
(20.6, -3.4) (-19.5, 5.0) (8.0, 44.9) (-8.5, -43.3)
A 24.5 26 22 22.5
9 (1210, 0.51) | (-10.80, -0.09) | (8.88,1568) | (-8.93, -15.48)
Al 27.5 28 315 32
(1756, -54.6) | (-1739, 56.5) (56.6,1367) | (-57.2, -136.0)
Ni 25.5 26.5 24.5 25
(-24.2, -78.7) (227, 79.8) (-70.9, 11.4) (700, -12.3)
Pd 30 315 9.5 44
(54.3, 72.5) (-56.6, -68.5) (-4.7, 2.6) (0.79, -2.30)
Ti 9 23 17 18
(-11.8, 386) (114, -120) (2034, 1261) | (-1921, -1250)
7 10.5 14.5 10 13
(718, 158.8) | (-39.8, -124.9) | (1509,-33.1) | (-1207, 1898)
Hf 11 13 10.5 12
(1345, 82.6) | (-1031, -77.7) | (1624,2883) | (-1489, -2654)
Table 5.3 The parameters obtained by fitting to equation (5.3.33) the SIFE and

SOKE contributions shown in Figure 5.7 are presented.

The values presented in Table 5.3 fall into two categories. In the first, occupied
by the noble metals and Ni, the difference of the two relaxation times for SIFE (or
SOKE) issmall. Within the framework of the theory developed in the previous dion,
this suggests that the transient polarisation response results from excitation of
transitions in one particular region of the band structure. The initial and final states
occupy finite phase volumes that may be large for intraband transitions. The
corresponding relaxation time will generally exhibit dispersion assciated with the

range of initial and final states that are involved. The use of two similar relaxation
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times in our model provides a aude representation of this dispersion, which may lead to
a small shift in the position of the maximum in the signal. Alternatively, if the
relaxation times differ significantly, as in Hf, Zr, Pd SOKE and Ti SIFE, then the signal
may originate from states in two distinctly different places in the band structure. These
states may even have the same energy, since time resolved two photon photoemisson
experiments® have shown that hot eledron lifetimes at a particular energy depend on
whether excitation was caused by an interband or intraband transition.

After the initial coherence of the eledron-hole pairs has been kroken, the
distribution of linea and angular momentum of the hot eledrons and holes may still
retain some memory of the pump polarisation. The acion of a linealy polarised pump
pulse reduces the symmetry of the momentum spaceeledron distribution and induces
an axial symmetry. The SOKE relaxation times characterise the recovery of the
symmetry of the distribution, but only in the region of the band structure sensed by the
probe beam. The latter region itself represents a sub region of region Il in Figure 5.5 for
eledrons, and a sub region of region Il for holes.

Because the linea momentum of the photon is small compared to that of the
eledrons and phonons, electronic linear momentum is conserved in interband
transitions, and hence only vertical transitions are allowed, as shown in Figure 1.10.
Then, due to energy conservation, the detedion region is a narrow sub region of region
[l in Figure 5.5, for eledrons, and a narrow sub region of region Ill, for holes.
Therefore any inelastic scattering results in removal of an eledron (hole) from the
detection region and leads to a dhange in the measured linea momentum. Becaise a
phonon, the linear momentum of which is finite, participates in an intraband transition,
eledronic linear momentum is not conserved, and hence indired transitions are also
allowed, as shown in Figure 1.10. Then, the detection region may continuously span the

entire region Il in Figure 5.5, for eledrons, and the eitire region I, for holes.
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Inelasticadly scattered eledrons and holes are then more likely to remain within the
detection region and contribute to the transient polarisation response. This implies that
experiments involving intraband transitions dould provide a better estimate of the
momentum relaxation time.

The adion of a circularly polarised pulse leads to a repopulation of electrons and
holes between states with a different angular momentum component in the diredion of
the pump pulse wave vedor. The crresponding SIFE relaxation time describes the
recovery of the symmetry of the initial angular momentum distribution. Again it is
preferable that the probe response is dominated by intraband transitions or else inelastic

scatering may obscure the relaxation of hot eledron (hole) angular momentum.

5.4.3 Third Order Susceptibility Tensor Components

Using the magnitudes of the SIFE and SOKE contributions shown in Figure 5.8
and equations (1.2.14)-(1.2.16), it is possible to extract the values of the
components. However in doing this one should bea in mind that the formulae were
derived for cw excitation, and are not grictly speaking applicable when the pump pulse
and the SIFE and SOKE response do not overlap exactly in time. Hence there is a
guestion as to what intensity to use: the pe& value or the value & the moment when the
polarisation response is at maximum. Our heuristic theory does not include the ¥
components explicitly, and so does not provide any further insight. In order to be
consistent with other works, we substitute the pegk magnitudes from Figure 5.8 and the
pedk intensity to equation (1.2.16).

The non-vanishing ¥ components are summarized in Table 5.4 together with the
asumed values of the cmplex refradive index. To the best of our knowledge, the
ultrafast third-order non-lineaity has been explored in only a few pure metals (AW,

Nit?%129 1n'% and AI*%. Our results for Ni are in good order of magnitude agreement
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H Re()(xxyy), I m(XXny); Re()(xyyx), I m(XnyX);

n+ik 10 esu 10 esu 10 esu 10 esu
Cu | 0.246+i4.951%6 4.6 -10 1.9 0.76
Ag | 0.144+5.1913¢ 1.7 -2.9 0.012 0.009
Au | 0.178+i4.9913¢ 6.2 -17 0.32 0.62
Ni | 2.33+i4.59%3¢ 12 -14 1.3 -0.82
Pd | 2.00+i5.04" 29(9.4) -43(-52) 0.46(16) | -1.1(-0.549
Ti | 3.11+i4.01%% | -19(-1.3) | -0.78(-1.0) -20(10) -35(-47)
Zr | 2.98+i3.65% -75 2.3 -52 -20
Hf | 2.65+i2.831% 3.2 2.2 17 -75

Table54  Thereal and imaginary parts of the non-vanishing components of 5,
extraded from data shown in Figure 5.8 using equations (1.2.16), are
presented for different metals together with the red and imaginary
parts of the mplex refradive index n=n+ik used in the
calculations. The values in parenthesis for Ti and Pd correspond to
the “alternative” peeks of the bipolar signals discussed in the text and
shown by dashed lines in Figure 5.8.

with a value of [IM(X,y, = Xuy)|=3%107% esu  deduced a 810nm in
Ref. 127, and X, = (1.3-12.7) X107 esu, X, =(~9.0+i1.7) x10™ esu deduced at
790nm and normal incidencein Ref. 129 The discrepancy with a value of
X oy —XXWX| =1.5x10" esu deduced for Au in Ref. 8 is greaer and is most likely due

to the longer wavelength used in that study. The values of the »® components are
plotted in the cmplex plane in Figure 5.9 so that similarities and differences between
the different metals may be observed. The values differ considerably in magnitude and

0 have been normalized to lie on the unit circle. The different metals gill fall into well
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Figure 5.9 The complex components yxyy (filled symbols) and yxyx (open symbols)
of ¥ extracted using equations (1.2.14)-(1.2.16) are plotted on the
complex plane for different samples. The same symbols and line styles

areused asin Figure 5.8.

defined if lessdistinct groups. However, it should be noted that large percentage arors
may occur in values that have been calculated from the difference of two measured

quantities.

5.4.4 Analysisand Significance of the Results

Let us now discuss the precision and consistency of the measurements by

considering two consequences of equations (1.2.14) and (1.2.15). Firstly, the SOKE
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contributions extracted from measurements with an elliptically polarised pump in

geometry 1 and shown in Figure 5.7 should be the same & the SOKE signals measured

in experiments with a linealy polarised pump in geometry 2 for ()=45°, since the pump

intensity in the latter experiments was half of that in the former case. In order to

increase the signal-to-noise ratio, the SOKE signals measured in geometry 2 and shown

in Figure 5.3 and Figure 5.4 were averaged with a weighting fador equal to 1/sin 2¢.

The averaged SOKE signals, which acarding to equation (1.2.15) are equivalent to the

signals for (=45°, are shown in Figure 5.10. The fitted curves were obtained with the

relaxation times values from Table 5.3, which were obtained from data in geometry 1,

_@’ 200 0 200 -200 0 -200
E_ 4 : Zr ’ Pd Ag
) 1
c
[ Not measured
m 2% OAAWAA‘
W | | L | |
X 200 0O 200 200 0 200
3 1.0
Hf _ Au
& SOKERotation o
SOKE Hlipticity X
o 0.0+ o
200 0 200 _ 200 0 200
Time Delay, fs

Figure 5.10

The average SOKE signals measured in geometry 2 are shown
for different metals. The symbols represent data points, and the
lines are fits to equation (5.3.33) using relaxation times from the
data obtained in geometry 1.
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The onsistency of the procedure described in the text for
separating the SIFE and SOKE contributions to the signal is
illustrated for Zr.
bipolar signals. a) Traces 1 and 2 are the SIFE rotation and

Arrows point to the different pe&ks of the

ellipticity components, respedively, measured with a circularly
polarized pump (e.g. for p=%45°). Traces 3 and 4 are the SIFE
rotation and ellipticity components, respedively, extraded from
signals at p=+22.5°+67.5°. b) Traces 5 and 6 are the SOKE
rotation and ellipticity components, respedively, extraded from
signals at ¢=+225°,+67.5°. Traces 7 and 8 are the SOKE
rotation and ellipticity components, respedively, measured with

alinealy polarized pump (e.g. for y=x45°).

and only the values of the amplitudes Ag ™) in equation (5.3.33) were adjusted.

Seoondly,

as discussed before,

n).i

the SIFE contributions extraded from

measurements in geometry 1 as the sum of the signals at +22.5° and +67.5° (or -22.5°

and -67.5°) divided by /2 should be the same (to asign) as those measured at p=+45°.
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As atypical example, Figure 5.11 (a) illustrates a reassuring agreement between the Zr
SIFE components measured with a circular pump (p=+45°) and those extracted by the
procedure for separating the SOKE and SIFE that was described above. It also shows
that the bipolarity of the signals is not an artefad induced by the method of analysis.
The agreement between the SOKE contributions measured with a linea pump
(geometry 2) and deduced from the measurements with an ellipticad pump (geometry 1)
Is not quite & good. While the time delay between the rotation and ellipticity signalsis
the same, the bipolarity of the rotation is less pronounced in the measurements
performed in geometry 2. The magnitudes of the SOKE signals differ by about 15%
which provides a measure of the experimental error. The results of measurements in
geometry 1 were used in the quantitative analysis above, since both the SIFE and SOKE
components were present in the same signal in this case.

Equation (5.3.33) was found to provide agood description of the observed SIFE
and SOKE signal. However, as one can see from Table5.3, in cases where the
percentage difference in the two fitted relaxation times for a particular effed was small
(lessthan 10 per cent), the values of the two associated amplitudes were found to almost
cancel and hence the erors in the fitted parameters were comparable to or larger than
the parameter values. This indicates a possible degeneracy in the fit and suggests that a
more accirate model or a shorter optical pulse width may be needed. Any such model
must be based on a solution of the Boltzmann kinetic equations with realistic
asumptions about the band structure ad interadions among quasi-particles.
Nevertheless our model is the simplest capable of reproducing the shape of the
observed signals, including those with the bipolar shape, and it reveals the charaderistic

time scales of the underlying dynamics.
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5.5 Summary

In summary, femtosecond ellipsometric measurements performed with an
elliptically polarised pump have been performed to diredly investigate the decay of
optically induced transient linea and circular polarisation in metals. The response of
different metals has been shown to fall into groups that correspond to the positions of
the metals within the periodic table. The non-vanishing components of the third-order
optical susceptibility tensor ¥ have been extracted. A simple model has been
introduced that successfully fits the shapes of the signals. In some caes two distinct
relaxation times may be identified, that are interpreted in terms of scatering of the
linea and angular momentum of the excited electrons. The values of the relaxation
times may be important for understanding the transport in hot eledron devices sich as
the spin valve transistor or magnetic tunnel transistor. The caoability of this new
technique could be further enhanced through the use of shorter pulses and by separately
tuning the wavelength of pump and probe, so that the mechanisms responsible for linear

and angular momentum relaxation in metals may be better explored and understood.
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Chapter 6. Transient Temperature Dynamics

6.1 Introduction

The study of ultrafast eledronic processes in metals by means of the optical
pump-probe measurements has an almost twenty year history. In the pioneaing work
of Schoenleineta.’® a 100nm Au film was investigated. The dedron-lattice
relaxation time was found to be 3 ps and 2ps for pump beam fluences of 4 and
0.4 m¥en?, respedively. These values were related to a rise of the electron hea
capacity with increasing eledron temperature. Elsayed-Ali et al.**® studied a 20 nm Cu
film in a transmisson geometry and found that the dedron-lattice relaxation time
increased from 1 ps for a pump fluence of 1.4 m¥cm? (8 nJ per pulse) to 4ps for a
pump fluence of 11.4 m¥cm? (65 nJ per pulse). They also found that the amplitude of
the transmissivity changed in proportion to the pump fluence Groeneveld et al.**°
examined the response of a 45 nm Ag film nea the surface plasmon resonance By
measuring on and off resonance, they were able to discriminate between heaing of the
lattice and the eledrons. They found an eledron-lattice relaxation time of 670fs for a
pump fluence of 0.0019mJ¥cm?  Sun et a.”? studied three gold films of thickness 20,
40, and 120nm in the low perturbation limit. They observed the eledron thermalisation
time to be 0.5 psfar from, and 1-2 ps close to the Fermi level, and obtained an eledron-
lattice relaxation time of 1 ps. These time nstants were independent of the pump
power for fluences in the range of 2.5-200uJ/cm®  The refledivity response of the
thickest sample suggested the presence of ballistic eledron transport.

The results of the first femtosecond pump-probe investigations of electron

dynamics in metals were analysed by assuming a smple linea dependence of the
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reflectivity signal upon the transient eledron temperature, and the eledron occupation
number. This was in spite of the ealier thermo-modulation studies of the temperature
dependence of refledtivity of metals*® that suggested more complicated dependence.
Most of the theoretical effort was devoted to the kinetics of electron
thermalisation’®12%14+144  This approach turned out to be sufficiently productive that
much information about the dectron-phonon coupling constant and eledron
thermalisation time has now been gathered’. However, the investigations of Hohlfeld

and co-workers*®

showed that a more redistic description of the temperature
dependence of the metallic refledivity may be essential for a corred interpretation of
the experiments.

The aim of this chapter is to obtain an analytical solution of the two temperature
model equations. The non-thermal eledron dynamics are treated in the relaxation time
approximation approach developed in the previous sdion. The solutions are used for
fitting the measured refledivity signals, and the daracteristic relaxation times of the
eledron dynamics are extraded. In this thesis, no attempts have been made to
rigorously account for the dependence of the sample refledivity upon either the
transient temperature or the sample band structure, and no firm interpretation of the
extraded relaxation times is offered. Instead, the question of the relationship between

the transient refledivity and eledron temperature is addressed experimentally through

measurements of the transient reflectivity spedrain two colour pump-probe experiment.

162



6.2 Theory

6.2.1 Kinetic Equation in Relaxation Time Approximation

As discussed above, absorption of a pump pulse leads to the aeaion of a non-
equilibrium population of hot eledrons. The scatering among the hot electron
population as well as from the phonons, defeds etc., results in the aedion of the
equilibrium eledron distribution described by the Fermi-Dirac function (1.2.12). In the
two temperature model, it is assumed that eledrons may be divided into two
subsystems, one of which is in local equilibrium while the other is not. The details of
the non-equilibrium state ae negleded, although they may be very important, and both
subsystems are dharaderized by the amount of excess energy obtained relative to the
unperturbed state. The excess energy of the Fermi subsystem is equal to the product of
the excesseledron temperature AT, and the electron hea cgpacitance C,, which is in
turn proportional to the transient eledron temperature T=TotAT,, Where Ty is the
ambient (unperturbed) temperature. The excess energy of the non-Fermi subsystem (per

unit volume) is given by
DE = [(& ~£0). ()7 (€)de + [(e —€)y,(£) (€)de (62,1

where yeh(€) are the hot electron and hot hole occupation rumbers, and {(¢) is the
eledron density of states. The kinetic eguations for these non-Fermi occupation

numbers in the relaxation time gproximation are

. _ V(&) | 1(g,x1)
&= e e

, (6.2.2)

for eledrons, and

164



NACIIGES)
() ()

Vn(€) = : (6.2.3)

for holes, where I(gxt) is defined by (5.3.16) in (6.2.2) and by (5.3.17) in (6.2.3), and
T(€) and 1,(¢) arethe eledron and hole relaxation times. The latter depend upon energy
€ as we discussed in the previous chapter. Let us multiply (6.2.2) by {(¢)(&e-&) and
(6.2.3) by {(¢)(&-¢), integrate them with resped to energy over the interval from & to
+oo and from - to &, respedively. Finally, adding the two integrals together we

obtain

A =T EZEN(OI(E) % (6~ () ()

| | de +
‘e T.(€) ‘o Ty(€) 624
O 20 -
L2AS N2 B ox 4In2(t t,) J
n O o O

where & is afunction of the pump photon frequency, given by equation (5.3.5).
We asume now that the first two terms in the right hand side of this equation can

be reduced by

e ) g, % (e mEEN () g, L _BE

& T.(€) —'[0 T,(€) [

, (6.2.5)

where 1y, is the eledron thermalisation time, which describes the “transport” of
eledrons from the non-Fermi to the Fermi subsystem. This thermalisation time is
generally greater than the energy dependent relaxation times in (6.2.4), since the latter
include alditional contributions from elastic scatering processes. Also this definition
of ry, israther arbitrary, as is the subdivision of eledrons into the two subsystems.
Hence, we obtain the following equation describing the energy relaxation of the

non-Fermi eledron population

|:| 2
AE | 2AS, m_zexpD_x 4In2(t t,)
Ty, o T 0 o

. 0
AE = - 0 (6.2.6)
0
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This equation has the form of equations (5.3.18)-(5.3.21) from the previous

chapter and can be solved in the same way, giving

O x o’ t—t, O
A)SO eXpD—— + 2 - 0 |:|
AE(x.t) = 0 o 16rth n2 1 O,
(6.2.7)
\/In t t o
4rth\/ln
Let usrepresent the thermalisation rate &
11 1
—= + 1 (6.2.8)
Tth Te—e Te—ph

where Tee and Tepn are the dectron-eledron and hot eledron-phonon thermalisation
times, respedively. Also, becaise the pump spot size in our experiments is much
greder than the film thickness the transient temperature gradient in the diredion
normal to the film surfaceis much greaer than that within the film plane. Hence we
can regled hed trangport in the lateral diredion. Finally, we negled the hea transport
by the lattice, since this is a much slower process than the diffusive eledron hea
transport in metals, and the hea exchange between the eledron and phonon subsystems.

Hence, we rewrite the two temperature model equations as

T, _ a B( aT, H+AE(x,t)
e at X|:| ax |:| Te_e 1 (629)
oT, AE(Xx,t
G~ =6(T.~T)+ LY (6.2.10)
Te—ph

Let us consider the boundary conditions for the eledron temperature at the film

surfaces. Sincethere is no hea transport through the front surface

aTeJ
0x

=0. (6.2.11)

x=0
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The processs at the interfacebetween the film and its substrate ae more cmplicated,
and generally one has to consider heat propagation in the latter. However, we negled
the thermal resistance of the interface and assume that the film temperature a the
interface is equal to that of the substrate, while the latter always remains at the ambient

temperature

=T

x=d 0’

(6.2.12)

where d is the film thickness This may be justified for samples grown on Si, since Si
has very high hea conductivity of 148 W/(mIK) and cgpacitance of 702 J(kglK). For
example, these numbers respedively are 71.8 W/(mIK) and 246J/(kgK) for Pd, i.e. a
few times smaller. This assumption is also suppated by the fad that the substrates are
about 1 mm thick, i.e. at least threeorders of magnitude greater then the film thickness.
Hence, the film substrate serves as hea reservoir in our experiments. However, we
must note that these assumptions might not be valid for the noble metals, as their

thermal conductivity isvery large.

6.2.2 Analytical Solution of the Two Temperature M odel Equationsin the Low

Perturbation Limit

Generally, these eguations can be solved numericdly. Here, we consider two
limiting cases in which an analytical solution can be obtained. In the first, we neglect
the dependence of the material parameters upon the eledron temperature. This can be
justified in the low perturbation limit where the excesseledron temperature AT, is small
compared to the ambient temperature. The material parameters depend upon the
number of Fermi electrons, and hence also upon the number of non-Fermi eledrons.
This dependence @n be negleded in the low perturbation limit. Then equations (6.2.9)-
(6.2.10) represent a system of coupled inhomogeneous linear differential equations of

second order with constant coefficients. Such a system may be solved by first
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considering a complimentary system that has the same form but without the source
terms.

The general solutions of the mmplimentary system Te(t,X) and T, 1(t,x) are found
by seeking solutions of the form Tep(t,X)=GO(t) X(X), Tin(t,X)=61(t) X(X), and solving the
eigenvalue problem for X(x) using the boundary conditions (6.2.11) and (6.2.12). Such
a fadorisation is possible under the aumption that the lattice hea transport is much
slower than both the diffusive eledron hea transport and the hea exchange between the
eledron and phonon subsystems. In this case, the lattice temperature profile follows

that of the electron temperature. The result of the clculation is

T (6D =To+ 3 (A exp(-a,t) + B, exp(-B;1))cosk,x) (6:213)

) BAI Kekn2 —anCe +Gexp(—ant)+H

G
WO ES g, B0 6218
OrB, — 0 Zexpl-B.t)0
OB, o (-8 )D

where the wave numbers of the spatial harmonics are given by
T
K, =—E+nE 6.2.15
d® C ( )

and the corresponding relaxation rates are given by

an!Bn =
G(C. +C )+k.Kk°C F4/G2(C. +C )} +k2k'C? +2¢ k’C,G(C, -C,)  (6.2.16)
2C.C, ’

where A, and B, are arbitrary constants, determined from initial conditions.
In order to solve the inhomogeneous problem, we must decompose the spatial
prefador of the source term in (6.2.7) into the spatial harmonics of the homogeneous

solution, i.e.
exp% Il Ez f a, cosk, x), (6.2.17)
n=0
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where

a, = 20 El+(—1)“n6@é+naa‘5 E

1+n25251+nHZD O C (6.2.18)
@ O

and &=ly/d. Asinthe cae of the transient polarisation, we may crudely account for the
ballistic eledron transport, by substituting by lo+y for lo, where lyy is the ballistic
range’. Then, we obtain the solution by allowing the mnstants A, and By, in (6.2.13) and
(6.2.14) to beame functions of time, and substituting the modified homogeneous
solutions (6.2.13) and (6.2.14) into the original inhomogeneous equations. The
functions An(t) and By(t) are determined by dired integration of the first order ordinary
differential equations obtained from the requirement that equation (6.2.9) is stisfied for
each harmonic separately. Equation (6.2.10) is always satisfied by (6.2.14), since it
does not contain spatial derivatives. The necessary initial condition is that the transient
eledron temperature must be equal to the ambient temperature & a sufficiently large

negative time delay. We then obtain

AT, (x) =22 5 00, (5)cosk, ), (6219

where

~—+
~t

S,I gHerf EZM(t_tO)_ L Xp(_ﬁn( o))_

% o 4/In2

U -
0= 5 Bt PIZLE) 0 ot-a, 1)

U

Taf

5 e

In2(t-t,) o t—t
+erf 9L — X £
@2 o 4'l'th\/E%E p% Tin E

,(6.2.20)
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(6.2.21)

(6.2.22)

(6.2.23)

(6.2.24)

(6.2.25)

(6.2.26)

It is easy to show that the series (6.2.19) converges. To be arigorous lution of

the problem, (6.2.19) must also have @nvergent and differentiable derivatives. The

proof of this latter condition is a much more difficult task. In practice it is necessary

only to retain a finite number of terms in (6.2.19) to obtain an approximate solution to

the general problem. The solution is however exad if the spatial prefador of the source

term in (6.2.7) consists of a superposition of a finite number of the harmonic
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eigenfunctions in (6.2.17). We must therefore gpproximate the source term with a finite
expansion of harmonic eigenfunctions © that the exad solution may be gplied. This
approximate representation of the spatial profile of the injeded pump energy is
illustrated in Figure 6.1 for two Au films with thicknesses of 281 nm and 1pum,
asuming parameters from Ref. 9. In particular, one can seethat in the cae of the 1 um
film retention of just five terms on the right hand side of (6.2.17) can provide a

reasonable representation of the sourceterm on the left hand side. For the 28.1 nm film,

0 5 10 15 20 25
2000 4
1500 F -SR-S E<%
\ 10001
%5 5007 = Pump Penetration Profil e with Ballistic Limit

— — — Probe Optical Penetration Profile, au
Approximate Representation by

1Term

5 Terms

——20Terms

Figure 6.1 The gproximate representation of the spatial profile of the injected pump
energy is illustrated (in temperature units) for Au films with thicknesses
of 281 nm (upper set of curves) and 1um (lower set of curves). The
symbols correspond to the spatial profile given by the left hand side of
equation (6.2.17) in which |y is equal to the sum of the optical skin depth
of 141 nm and the ballistic range of 117 nm. The aurves were alculated
by retaining a finite number of terms from the right hand side. The
dashed lines represent the spatial profile of the optical probe, given by the
left hand side of equation (6.2.17) after setting |p equal to the optical skin
depth.
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more terms are required to obtain a good agreement. However, in this case the
temperature distribution is virtually uniform aaoss the film thickness and so the
transport term in equation (6.2.9) can be negleded. The solution of the problem in this
case will be given in the next sedion.

Within the linea approximation, the antribution to the signal due to a change in
either the eledron or lattice temperature is proportional to the convolution of the

function (6.2.19) with the spatio-temporal profile of the probe pulse

In2

¢ = H 2 0 x _4in2@-t,fCH
S, (ty) O ‘(de:[odt%ﬂe,I (x,t)a 7expg—— — 1]

: o O (6.2.27)

where t4=t;-to is the time delay between the pump and probe pulses. The integration

with resped to time is equivalent to substitution of o by o+/2, and the integration with
resped to x is equivalent to multiplying each term in the right hand side of (6.2.19) by
a./2, where a, is given by (6.2.18). Note that in this case the parameter lp in a, is
strictly equal to the optical skin depth.

Similarly, the mntribution to the signal from the non-Fermi electron population, is
proportional to the mnvolution of function (6.2.7) with the probe pulse spatio-temporal

profile

d = H 2 fn2 O x_4in2(t-t,) CE
S (ty) O gdx_jmdtéAE(x,t)a 7expg—E T%' (6.2.28)

The integration with resped to time is again equivalent to substitution of o by o2,
and the integration with resped to x smply scales the entire function. In fad, integrals
(6.2.27) and (6.2.28) represent an average of the signal over the volume of the film with
a weighting fador given by the optical penetration profile of the probe, shown in
Figure 6.1 by the dashed lines.

Figure 6.2 presents the dedron and lattice temperatures calculated from equations
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Figure 6.2 The simulated average transient eledron and lattice temperatures are
shown for the 1 um thick Au film. The different curves correspond to
approximate solutions given by retention of a finite number of terms in
the right hand side of equation (6.2.19).

(6.2.19)-(6.2.26) and averaged by (6.2.27) for the 1 um Au film. We used the
parameter values for Au given in Ref. 9 and the pulse parameters charaderistic of our
experiment. One @an seethat the solutions given by retention of five and twenty terms
in (6.2.19) are virtualy identical, suggesting that just a few terms may be sufficient for
fitting the experimental data. The eledron and lattice temperatures have very different
behaviour initially, but converge & longer time delays. It is interesting to note that the
average eledron temperature in this case is about an order of magnitude lower than the
eledron temperature at the surfaceof the film in Figure6.1. This is due to the finite
pulse duration and the eledron thermali sation time, heat exchange between the eledrons
and the lattice, and hea transport into the bulk of the film. These processes were taken

into acount in Figure 6.2, while in Figure 6.1 instantaneous deposition of energy into
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the system was assumed. The non-Fermi eledron contribution has a temporal form
similar to that shown in Figure 5.6, but with a longer relaxation time in the general case.

The transient reflectivity response may contain contributions from the Fermi
eledrons, the lattice temperature, and the hot eledron population. As one an seefrom
equations (6.2.7) and (6.2.19), al three ontributions may be epressed as a linear
superposition of the same functions. Hence, the refledivity response will consist of the
same functions. However, the relative weights of the different functions will be
different from those predicted by (6.2.19). Hence we will use the following form in the

fitting the experimental data

SR _ 1N H,v2In2 o g t, B

—0 A A +erf XP -2 6.2.29

R 2121 % H o 2r V2In2 % p@ T, 0 ( )
which is similar to equation (5.3.33) used in the previous chapter. Here dR/R is the

fractional change of the sample reflectivity; Ay and 7; are the amplitudes and relaxation
times of the different contributions to the signal; and the number of contributions N will
be set to the smallest value for which a reasonable fit to the data can be obtained.
Because of the strongly nonlinea dependence of the refledivity upon the eledron
temperature, ill ustrated in Figure 1.9, the assumed proportionality between the transient
reflectivity and the transient temperature can be justified only in the low perturbation
limit.

According to equation (6.2.16), the relaxation times that describe the signal
generally have amixed charader and depend upon both the electron-phonon coupling
constant and the thermal conductivity. This makes it difficult to interpret the relaxation
times observed within the experiment. However, it is common within the literature to
ascribe relaxation times of a few picosecmnds to eledron-phonon scatering, and
relaxation times of the order of nanosewmnds to the thermal conduction from the
optically probed region.
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6.2.3 Analytical Solution of the Two Temperature M odel Equationsin the High

Perturbation Limit

In the high perturbation limit, one must take into aacount the linea dependence of
the eledronic heat capacity upon the transient temperature, i.e. Ce=Acle. Other
simplifying assumptions can then be made. Let us assume that the lattice temperature
remains constant during the experiment T)=T,", so that we need to consider only the
transient eledron temperature. This is justified becaise the heat cgpacity of the lattice
is usually much greaer than that of the dedrons, and so the dhange in the temperature
of the lattice is much smaller than that of the electrons. Let us also consider time scales
longer than the eledron-eledron thermalisation time but shorter than the daraderistic
time for the hea transport. We may then rewrite eguation (6.2.9) as

aT,

o -G(T,-T,). (6.2.30)

AT,

Applying the initial condition 47(to)=47emax , dired integration yields the solution

A T -T
t—t. =2 -T +T. In——9° [ 6.2.31
0 GEre e,max 0 T OE ( )

where the first term dominates at short time delays, for large perturbations when
Te~Temax, and the second term dominates at long time delays, for small perturbations
when T&T,.

On the other hand, if the thermal conductivity is negleded, equations (6.2.9)-

(6.2.10) may be integrated to yield
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g 0 (6.2.32)
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and the pure eledron-phonon relaxation rate is given by

_c(c.+c)
CeCI .

(6.2.35)
Let us now analyse the asymptotic behaviour of solutions (6.2.31) and (6.2.32) for
time delays sufficiently long that the difference between the transient eledron and

lattice temperatures is alrealy very small, yet short enough that we can still negled

diffusive heat transport. For thistime interval, we obtain from (6.2.31)

T.() =T, +E %!% AT E (6.2.36)

and from (6.2.32)
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das@aer A0
To(Xt) =Te + 3 cic 0 exp@l&:z%xp(— y(t—to)), (6.2.37)
H

il

]

where the final electron-lattice euilibration temperature is given by

%%(E)exp%xﬁ
T+ o (6.2.39)

s C +C,

By comparing these two expressions, it is easy to condruct a function that
approadhes (6.2.31) at short time delays, where the excess eledron temperature is very
high and the temperature dependence of the eledron hea capacitance @nnot be
negleded, but which also has the rrect behaviour, described by (6.2.32), a longer

time delays where the low perturbation solution is a good approximation. This may be

done by substituting Tequ for To, and the relaxation rate % for y into (6.2.31). The
0

result is

t—t, = - A(Te _Te’max)_lmﬁ

s ik (6.2.39)

,max _Tequ .

This equation describes an initial linea decy of the transient temperature in the
high perturbation limit®, which transforms into an exponential decay at longer time
delays in the low perturbation limit. In order to fit the experimental data to this
equation, we plot the time delay as a function of the refledivity rather than the
reflectivity as a function of the time delay. This can only work if the signal has a
monotonic dependence upon time, and so the signals have to be aut at the point where
they reach their maximum. The reflectivity response will be assumed to be proportional
to the transient eledron temperature. While this will be shown to be a
oversimplification, a rigorous calculation of the dependence of the reflectivity upon the

eledron temperature using equations (1.2.11)-(1.2.13) is beyond the scope of this thesis.
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6.3 Experimental Results and Discussion

6.3.1 Single Colour M easurements

Measurements were performed using the experimental setup described in sedion
2.1 of chapter 2. The samples were those discussed in the previous chapter (Table 5.1).
The scan duration was adjusted for eat sample so as to include the daraderistic
fedures of the refledivity signal in each case. However, because of the low signal-to-
noise ratio of the reflectivity response of the Ni and Ag films, we did not measure their
reflectivity on longer time scaes, where the signal was generally very wea. In order to
improve the signal-to-noise ratio, the signals were averaged in a manner that will be
discussed below. To facilitate comparison of the signal magnitudes, the average signals
were normalised to the pump pulse energy, a value of 2 nJ, being typical for the
measurements. All the averaged signals had the same temporal shape. The pump was
circularly polarised unless otherwise indicaed.

The refledivity signals measured from the noble metal films are presented in
Figure 6.3. The Cu refledivity signal was obtained by averaging five scaled signals
measured at pump pulse energies of 1.25, 1.5, 1.75, and 19 nJ (two). Three exponential
contributions were required to fit the signal. The ntribution with the shortest
relaxation time of 46 fs had negative amplitude and is assciated with the eledron-
eledron thermalisation process The relaxation time of 408fs is asociated with heat
transfer between the eledron and phonon systems, and is approximately half the value
reported in Ref. 138 for a pump pulse energy of 8 nJ. Thisis reasonable in view of the
dependence upon pump fluence observed in Ref. 138 The relaxation time of 840psis
asociated with diffusive hea transport into the bulk of the film.

The Ag reflectivity signal was obtained by averaging seven scded signals

measured at pump pulse energy of 1.75 nJ, corresponding to settings of the quarter wave
17¢€



Figure 6.3
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The transient reflectivity signals obtained from the noble metal films are

presented. The symbols represent data points and the lines are fits to

equation (6.2.29). The insets $ow the signals on a longer time scae.

The values of the relaxation times obtained from the fits are also shown.
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Figure 6.4

plate orientation in geometry 1 of the previous chapter in the range of -67.5° to +67.5°.

The extraded relaxation time of 2.07 ps cannot be reliably interpreted because of the
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short duration of the signal.

The Au reflectivity signal was obtained by averaging seven scded signals
measured at pump pulse energies of 1.25 (two), 1.5, 1.56, 1.75, 1.8 and 2nJ. Asinthe

case of Cu, three exponential contributions with relaxation times of 75fs (negative),
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+ —T— + + +
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' TimeD ay, ps

The transient reflectivity signals obtained from the Ni and Pd films are
presented. The symbols represent data points and the lines are fits to
equation (6.2.29). The insets $ow the signals on a longer time scae.

The values of the relaxation times obtained from the fits are also shown.
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1.033ps, and 930ps were required to fit the signal. The relaxation time of 1.033ps
closely matches the value reported in Ref. 72, where measurements were performed
using low pump fluences.

Figure 6.4 presents the refledivity response of Ni and Pd. As in the cae of Ag,
the Ni signal was obtained by averaging seven scaled signals measured at a pump pulse
energy of 1.8 nJ, corresponding to a quarter wave plate orientation in geometry 1 of the
previous chapter ranging from -67.5° to +67.5°. The extraded relaxation time of 372fs
is associated with the eledron-phonon relaxation, while the effed of diffusive hea
transport could not be resolved on this time scale, and insteal gave rise to a constant
offset. The latter was modelled by a term in equation (6.2.29) with a very long
relaxation time of typically 10 ns.

The Pd refledivity signal was obtained by averaging five scaled signals measured
a pump pulse energies of 1.25 1.5, 175 2 and 225nJ. Three eponential
contributions with relaxation times of 88fs, 13.7 ps, and 281 ps, and a constant offset
were required to fit the signal. While the relaxation time of 88fs is most likely to be
asciated with the eledron-eledron thermalisation process the other two relaxation
times may be asciated with the combined adion of the eledron-phonon interadion
and hed transport.

Figure 6.5 presents the refledivity response of Ti and Hf. The Ti reflectivity
signal was obtained by averaging five scaled signals measured at pump pulse energies
of 1.25, 1.5, 1.75, 1.9 and 2nJ. The Hf refledivity signalwas obtained by averaging
four signals measured at pump pulse energies of 1.25, 1.5, 1.75, and 2nJ. In eat case
four exponential contributions were required to obtain agood fit. The initial sharp pe&k
of Ti isdescribed by relaxation times of 16, 54 (positive), and 80fs. This suggests that
the eledron-electron and eledron-phonon scatering take place on similar time scales.

Behaviour of this kind cannot be reliably described by our model, and should instead be
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Figure 6.5 The transient reflectivity signals obtained from the Ti and Hf films are
presented. The symbols represent data points and the lines are fits to
equation (6.2.29). The insets $ow the signals on a longer timer scale.
The values of the relaxation times obtained from the fits are also shown.

considered by a model, that takes into acount the full details of the eledron dynamics.
The onset of the Hf refledivity signal is gradual, and so the asciated relaxation times
of 30 and 403fs are somewhat longer. While the latter can be interpreted as the
eledron-phonon relaxation time, the former seems to be too small to describe the

eledron-elearon thermalisation within a transition metal. The relaxation times of
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231psin Ti and 1772ps in Hf are associated with heda transport, while the 40.2 ps
relaxation time in Hf may also involve eledron-phonon scatering.

The Zr reflectivity response presented in Figure 6.6 seems to be the most
interesting example. The top and bottom panels represents signals acquired using a
circularly and linearly polarised pump with energy of 2.25nJ. Four scaled signals were
averaged in the upper panel, while two scaled signals were averaged in the lower panel.
One @n seethat the two signals differ through the presence of a sharp pe& at short
time delays. Although present in both signals, it is only visible in the signal when the
pump and probe ae polarised in the same plane. The pe&k is described by a relaxation

time of 19fs, and is assciated with the transient linear dichroism induced by

T :(0.01910.040) pS, T :(0.2410.20) ps

0.20 H
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Figure 6.6 The transient reflectivity signal obtained from the Zr film is presented for
the excitation with circularly (top panel) and linearly (bottom panel)
polarised pump. The symbols represent data points and the lines are fits
to equation (6.2.29). The insets iow the signals on a longer timer scale.
The values of the relaxation times obtained from the fits are also shown.
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130 The other four

the pump pulse, an effed that was observed previously in A
relaxation times are most likely associated with contributions of eledron-phonon
scatering and hea transport. Asin the cae of Al, the signal contains oscillations that
sit on top of the multi-exponential shape. The frequency of the oscillations was
extraded from a fast Fourier transform of the difference of the measured signal and the
fitted curve, as down in Figure6.7. The etracted frequency of about 2.47 THz
(9.7 meV) is much higher than the value of about 0.01 THz expeded for the standing
aooustic wave in a Zr film of this thickness. Therefore, the nature of the mode is
different from that observed previously in Al. The frequency and amplitude of the

oscill ations are seen to be independent of the pump helicity. The observed mode is

identified as the transverse-optical (TO) mode nea the I'-point of the Zr phonon

1.2 + -

1oL —o— Circular Pump, |
o f =(2.492+0.017) THz
0.8+ —=—Linear Pump, -

f =(2.457£0.024 THz

FFT Power, au

Figure 6.7  The Fourier spedra of the difference between the signals measured from
the Zr film and the fits to equation (6.2.29) are presented for excitation
with the circular and linea pump. The airves with and without symbols

represent the data points and Lorentzian fits, respedively.
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spedrum. The frequency of this mode was calculated to be 9.7 meV a 295K in
Ref. 145 while the inelastic neutron scatering measurements of Ref. 146 yielded a
somewhat greater value of 10.59meV a the same temperature. The discrepancy
between the latter value and our measurements can be explained by the increased
temperature in the pump-probe experiment, since the same neutron scdtering
experiments reported a value of 9.6 meV at 773K.

There ae several reasons why the observation of this mode is important. Firstly,
the optical excitation of coherent opticd phonons has been observed mostly in
polymers, semiconductors, and semimetals. To the best of our knowledge, the only
metal in which a @mherent optical phonon has been excited is Gd*. Seandly, thisis the
first time that a transverse rather than longitudinal (LO) phonon has been observed.
Thirdly, in Ref. 11 the oscill ations were observed by the SHG technique, while the
linea refledivity response was “flat”. Therefore, the mode observed in Ref. 11 was
localised near the surface of the film, while the mode that we observed must have a
significant amplitude within the bulk of the film. Fourth, our sample was $Puttered,
while an epitaxial film was gudied in Ref. 11. Finaly, this result has an important
technological implication. It was argued in Ref. 11 that a coherent magnon of identical
frequency can be excited by the phonon, although also localised nea the film surface.
Hence, our results suggests that high frequency magnetisation dynamics could be
excited in the bulk of a ferromagnetic (or ferrimagnetic, or antiferromagnetic) sample

that support the optical excitation of coherent optical phonons.

6.3.2 Two Colour M easurements

The measurements were performed using the experimental setup described in
sedion 2.3 of chapter 2. The sample was the Au film studied in the previous chapter

(Table5.1). The refledivity spedra aquired at different time delays are shown in
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The transient reflectivity spedra obtained from the Au sample ae shown
for different pump-probe time delays. The inset shows the shift of the
zero crossing point with time delay. The white light continuum spedrum

is shown by the solid bladk line.

Figure 6.8. The spedrum of the white line continuum is shown on the same plot. For

very short wavelengths (about 400 nm) the probe was too wegk to produce meaningful

results, while & very long wavelengths it was © strong that the detectors in the aray

were saturated. Hence we will not consider the signal in these latter regions. At

negative time delays, the signal vanishes over the entire spedral range a expeded. At

zero time delay, the signal appeas first in the blue region and spans the entire range

after approximately 2 ps. At later time delays, the shape of the signal is bipolar with a

zeo crossing point at a wavelength of about 510 nm. It is interesting to note that the

position of the zeo crossng point does not remain the same with changing time delay,
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as shown in the inset of Figure 6.8. This point roughy corresponds to the interband
transition threshold®’2. However, its precise position depends also upon detail s of the
temperature and the wavelength dependence of the complex dielectric function of the
sample. Asthe eledron temperature deaeases with time delay, the zeo crossing point
shifts towards sorter wavelengths, which is consistent with the clculations in Ref. 9
shown in Figure 1.9. In Ref. 72, calculations were performed that suggest that the same
trend isinstead due to the non-thermal eledron subsystem. At present, we are not able
to say which interpretation is more relevant to our observation. However, our data may
help to identify the crrect mechanism if a suitable model for the sample refledivity is
developed, sincethe spedra at different time delays can ke analysed without invoking a
model for the eledron dynamics.

By averaging the signal over a wavelength range of a few tens of nanometres we
were also able to construct time resolved reflectivity signals for different wavelengths,
which are shown in Figure 6.9. While the shift of the onset of the signals is due to chirp
of the probe pulse introduced by the water cdl, their temporal shape also changes with
the probe wavelength. In particular, the signal changes sign at a wavelength of 513 nm.
The exponential decy of the signals was fitted to the solution of the two temperature
model in the high perturbation limit (6.2.39), asuming firstly that the transient

reflectivity is proportional to the dectron temperature, and secondly a value of
71 % for the mnstant A°. The fitted curves are shown in Figure 6.10. The fitting
m

allowed usto extract values for the electron-phonon coupling constant and the electron-

phonon equilibration temperature.
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Figure 6.9 The time resolved refledivity signals constructed from the spedra in
Figure 6.8 are shown for different probe wavelengths.
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Figure 6.10 The fit of the reflectivity signals shown in Figure 6.9 is illustrated for
different probe wavelengths. The symbols and solid lines represent the
data points and the fitted curves, respedively.
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The etraded eledron-phonon coupling constant values are plotted against
wavelength in Figure 6.11. Although the eror bars are in some caes quite large, the
values are seen to depend upon the probe wavelength. Similar scater was observed in
the values obtained for the eledron-phonon equilibration temperature (not shown). This
emphasises the importance of developing a proper model for the sample refledivity
function before making any physical interpretation of the time resolved signals,
particularly in the vicinity of the interband transition. Without such a model, the

relaxation times extraded in the previous dion of this chapter cannot be reliably

interpreted.
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Figure 6.11 The values of the electron-phonon coupling constant extraded from the
fittings shown in Figure 6.10 are plotted against the probe wavelength.
The solid line denotes the value of the anstant derived in Ref. 9.



6.4 Summary

In this chapter, two analytical solutions of the two temperature model equations
have been derived in the low and high perturbation limits, respedively. The non-Fermi
eledron relaxation was treated in the relaxation time gpproximation. It was $iown that
the relaxation times that describe the decay of the transient temperature may have a
mixed charader, being asociated with a mmbination of eledron-phonon relaxation and
diffusive heat transport into the bulk of the film. The solutions were used for the
analysis of refledivity data obtained in both single clour and two colour experiments.
The relaxation times were extraded for the different processes contributing to the
eledron relaxation. However, the results of the two colour measurements sowed that
the interpretation of the relaxation times may not be reliable unlessa proper model for
the dependence of the refledivity upon the eledron temperature is used. One
interesting feature of the data is the gpeaance of oscill ations observed within the
reflectivity response of Zr that we ascribe to the excitation of a @herent transverse

optical phonon by the pump pulse.
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Summary

Generally, if a system is aubject to a perturbation with duration short on the time
scales of its internal dynamics, then it enters a non-equili brium (transient) state. The
subsequent dynamics and relaxation of the system can be then traced using a suitable
probe that is nsitive to the state of the system and which also has duration short
compared to the dharaderistic time scdes of the dynamics and relaxation. Precessional
magnetisation dynamics in a magnetic sample an be excited by magnetic pulses that
have arise time shorter than the period of the precession. Eledron dynamics in a
sample of an arbitrary nature can be excited by an incident light pulse with duration
shorter than the eledron relaxation time. In this thesis, dynamics of each type have
been investigated in thin metallic films and elements, using both experimental and
theoretical methods.

In chapter 3, an analytical theory of maaospin magnetisation dynamics in
response to a pulsed magnetic field was developed for a ferromagnetic exchange
coupled double layer element of square shape. The dynamics are dharaderised by the
presence of two coupled precessonal modes. Analytica expressions were derived for
the mode frequencies and damping, and the signal shape in the frequency and time
domains. The gplicaion of the results was demonstrated through the description of
experimental data obtained from a thin magnetic film, a shed spin valve sample, and a
sguare magnetic element.

Chapter 4 was devoted to investigations of the magnetisation dynamics in micron
sized arrays of nanosized magnetic elements by time resolved scanning Kerr
microscopy and numerical simulations. The main result of this chapter was the

observation of a aosover from the uniform nmode precession to precession localised
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nea the elges of the elements as the size of the elements was reduced. The aossover
ocaurs a an element size of 220 mm, for which the two modes of precession make
approximately equal contributions to the signal. The edge mode is confined by the
enhanced demagnetising field nea the alges perpendicular to the external static field.
The demagnetised regions occupy a larger relative aeaof the element as its asped ratio
is reduced. The @nclusion that the dynamics of the magnetic nanoelements are
gpatially nonuniform may have a significant impad upon magnetic data storage
tedhnology.

In chapter 5, a new tedhnique for measurements of the eledron linea and angular
momentum relaxation times was developed. It was based upon femtosecond
ellipsometric measurements of the sample response to an dliptically polarised pump
pulse. In this case, the different time scales for the eledron angular and linea
momentum relaxation reveal themselves through a time shift between the speaular
inverse Faraday effed (SIFE) and speaular optical Kerr effed (SOKE) contributions to
the signal. The relative magnitude of the two contributions depends on whether the
transient rotation or elipticity is measured. The shape of the individual contributions
depends upon the details of the electronic and optical properties of the sample & the
wavelength of the pump and probe pulses. The measurements were performed upon
eight different thin film samples of noble and transition metals (Cu, Ag, Au, Ni, Pd, Ti,
Zr, and Hf). For eat sample, charaderistic relaxation times for the eledronic angular
and linear momentum were extraded using a specially developed theoretical model.
The magnitudes of the measured SIFE and SOKE contributions were used to extract the
values of the non-vanishing components of the third-order optical susceptibility tensor.
A systematic dependence of the signal charader and the extracted parameter values
upon the underlying electronic structure was reveded. The values of the relaxation

times and the components of the third-order opticd susceptibility tensor are expeded to

192



be important for the design of hot eledron devices and all-optical switches, respedively.
The observed correlation between an elements response and its eledronic structure will
impad future understanding of non-linea processes in metals, and may stimulate
theoretical reseach in this diredion. The caability of this new tedhnique could be
further enhanced through the use of shorter pulses and by tuning the wavelength of
pump and probe, so that the mechanisms responsible for linear and angular momentum
relaxation in metals may be explored and understood.

In chapter 6, analytica solutions of the two temperature model in the low and high
perturbation limits were obtained and applied in the description of single and two colour
pump-probe reflectivity measurements. In the former type of measurement, the
relaxation times underlying the response of the Cu, Au, Pd, Ti, Zr, and Hf samples were
extraded. However, the results of the two colour experiment have shown that the
relaxation times may not be reliably interpreted without proper modelling of the
dependence of the sample refledivity upon the eledron temperature axd probe
wavelength. Terahertz frequency oscillations were observed in the reflectivity response
of the Zr sample, and interpreted as a coherently excited transverse optical phonon. The
results of this chapter could be used in the design of media for hea assisted magnetic
recording where efficient hea sinks are of key importance.

In conclusion, a rich variety of experimental data has been collected within this
thesis, and the first steps have been taken towards developing an understanding of
underlying plysicd phenomena. In my opinion, the main diredion for future
investigation lies in developing theoretical models allowing reliable quantitetive
analyses of the data. Regerding the refledivity measurements, the main problem liesin
relating the transient refledivity signal to the transient temperature. For the
femtoseoond ellipsometry, atheory relating the observed temporal form of the signal to

the underlying eledronic properties is neaded. For the time resolved scanning Kerr
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microscopy studies of the magnetisation dynamics in arrays of small elements,
simulations of the dynamics of the arays rather than just single elements and tuning of
the exchange parameter are required, although this will only become feasible when
faster machines become available. From the experimental point of view, it would be
interesting to sudy the element arrays with a technique that provides enhanced spatial
resolution. Given the low frequency of some of the observed modes, the time resolved
X-ray magnetic circular dichroism may be a suitable technique although rea field
magneto-optical techniques could be required a higher frequencies. For the
femtoseoond ellipsometry, in addition to the extensions mentioned above, it would be
interesting to study a greder variety of elements in order to see how far the observed
trends extend. For the reflectivity, two colour studies of transition metal samples would
be particularly interesting, since they generally possess a rich band structure in the

visible range.
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