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Abstract

Magnetic materials are of interest in a wide range of nanotechnologies including those

for data storage, memory, logic, and sensing applications. In addition to going smaller

for miniaturization and higher densities, there is also interest in exploring faster pro-

cesses and pathways to manipulate magnetism. These naturally lead to motivations

in studying nanoscale and ultrafast magnetism. Resonant soft x-ray scattering and

imaging are unique techniques that can combine nanometer spatial resolution and

femtosecond time resolution in the study of magnetic materials.

In this dissertation, I will first motivate the need for nanoscale and ultrafast studies

on magnetic materials. I will then introduce the attractive properties of soft x-rays,

and illustrate the critical concepts in resonant x-ray magnetic scattering and holo-

graphic imaging. The three subsequent experiments presented here utilize resonant

soft x-rays to image and study magnetic materials. The first experiment demonstrates

the use of resonant x-ray scattering in the study of perpendicular magnetic recording

media used in hard disk drives. Statistical information on the nanoscale granular and

magnetic periodicity of the media can be revealed simultaneously, and we study how

various materials parameters are used to optimize the properties of past and current

media generations.

While scattering provides statistically averaged information, the ability to visual-

ize individual structures is desired. Fourier transform holography is a high resolution

and ultrafast-compatible microscopy technique that excels in this role. In the second

experiment, I will present our imaging results on all optical magnetic switching, a

phenomenon in which magnetic domains of ferrimagnetic alloys are switched with

individual, femtosecond laser pulses. Using integrated Au plasmonic dipole antennas
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to define switching spots, we successfully switched 40 nm-sized magnetic domains in a

TbFeCo alloy and prove that all optical magnetic switching is a promising candidate

for future information storage technologies.

Finally, going into the ultrafast regime, holographic imaging can be combined with

x-ray free electron lasers to produce single shot, time-resolved magnetic images. In the

last part of this dissertation, I will show the first single shot images of ferromagnetic

domain patterns in Co/Pd multilayers taken with 80 fs long x-ray pulses. Despite

high x-ray fluences, one can outrun x-ray induced damage effects with short enough

pulses. Single shot imaging used in a pump-probe approach can potentially generate

stroboscopic movies of magnetization dynamics. The unique combination of nanoscale

and ultrafast imaging highlights the versatility and power of resonant soft x-rays in

the study of magnetism. The use of such techniques will open up many possibilities for

time-resolved studies of magnetic nanostructures and relevant dynamic phenomenon.
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single shot imaging experiment.

All the work would not have been possible without the administrative and sup-

port staff at SLAC. I am especially thankful to Michelle Montalvo, Irene Hu, Corrina

Peng, Lorraine Struthers, Margo Holley, Yo Wackerman, Amita Gupta, Nancy Matlin

and Chris MacIntosh. In addition, I would like to mention Mike Swanson, the staff

at the SLAC Light fabrication and SSRL electronics workshop for their endless con-

tributions.

On the campus side, I want to thank my classmates, staff and faculty from the

Department of Materials Science and Engineering. Richard Chin, Ann Marshall,

viii



Aileen Koh, and Jeanie Perez have trained and assisted me on the operation of var-

ious instruments in the Stanford Nanocharacterization Laboratory and the Stanford

Nanofabrication Facility. I had the fortune of assisting Professor Nicholas Melosh in

the MSE 160 Nanomaterials Laboratory course for two years. Together with Amit

Desai and Karthik Narasimha, we had a great time preparing for experiments and

interacting with undergraduate students. Being a teaching assistant was particularly

enjoyable and meaningful for me. I also had many fruitful discussions with Roy Kim

regarding transmission electron microscopy techniques.

Outside of work, I want to express my gratitude to my old friends, classmates

and teachers in Singapore, the Xiaolongbao batch and materials science gang at the

University of Michigan, and the Hotpotparty and volleyball friends here at Stanford. I

had a wonderful first year at Stanford with my fellow UM and “adopted” Xiaolongbao

friends. It was fun, action filled, full of wonderful memories and set me straight for the

rest of my studies. My Hotpotparty friends, who are fellow students going through

the same daunting Ph.D. process, are an amazing source of support and comfort.

All the time we spent sharing, comparing, complaining, playing and laughing really

helped balance out work-related stress. For those who have graduated, we finally

made it and I wish the best for your careers going forward! For those who are still

hard at work, keep it up! Finally, I am really glad to have made so many friends

playing pick up volleyball at Stanford. Getting Chinese food after a grueling session

is one of my favorite activities.

Finally, I want to thank my family. Despite being the only child, my parents

gave me a free rein ever since I was young and I was able to explore my interests.

I followed my curiosity throughout the years and eventually ended up at Stanford.

Doing a Ph.D. is both a challenge and an adventure for me, and it has exceeded every

expectation and turned out to be the best experience of my life. All of this would be

impossible without my parents’ unconditional support every step of the way. I will

never know the full extend of their sacrifices but my gratitude is endless and eternal.

To all of the above, including those who I missed out or did not mention specifi-

cally, I feel truly blessed to have met you and you have made this experience complete

and wonderful. Thank you all!

ix



Contents

Abstract iv

Acknowledgements vi

1 Introduction 1

2 Magnetism Basics and Motivation 3

2.1 Basic Magnetism Formalisms . . . . . . . . . . . . . . . . . . . . . . 3

2.2 The Need for Nanoscale and Ultrafast . . . . . . . . . . . . . . . . . . 10

2.2.1 Perpendicular Magnetic Recording (PMR) Media . . . . . . . 12

2.2.2 Ultrafast Demagnetization . . . . . . . . . . . . . . . . . . . . 13

2.2.3 All Optical Magnetic Switching . . . . . . . . . . . . . . . . . 17

3 Resonant X-ray Magnetic Scattering 22

3.1 X-ray Absorption and Scattering . . . . . . . . . . . . . . . . . . . . 22

3.1.1 X-ray Scattering . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.1.2 X-ray Absorption . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.2 X-ray Magnetic Circular Dichroism . . . . . . . . . . . . . . . . . . . 29

3.3 Diffraction Through a Magnetic Sample . . . . . . . . . . . . . . . . . 32

4 Characterization of PMR Media 39

4.1 PMR Media Structure . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.2 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.3 Experimental Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

x



4.4 Evolution of PMR Media . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.5 Scaling Current Generation PMR Media . . . . . . . . . . . . . . . . 51

4.6 Summary and Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . 57

5 Lensless X-ray Holographic Imaging 59

5.1 Fourier Transform Holography . . . . . . . . . . . . . . . . . . . . . . 62

5.2 Holography with Extended References . . . . . . . . . . . . . . . . . 65

5.3 Holography Sample Structure . . . . . . . . . . . . . . . . . . . . . . 67

6 All Optical Magnetic Switching 68

6.1 TbFeCo Sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

6.2 Plasmon-mediated Confinement of Light . . . . . . . . . . . . . . . . 74

6.3 Sample Fabrication and Experimental Setup . . . . . . . . . . . . . . 76

6.4 Imaging Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

6.4.1 Imaging Resolution . . . . . . . . . . . . . . . . . . . . . . . . 80

6.4.2 Extracting Magnetic Information . . . . . . . . . . . . . . . . 81

6.4.3 Switching and Reversibility . . . . . . . . . . . . . . . . . . . 82

6.5 Discussion and Outlook . . . . . . . . . . . . . . . . . . . . . . . . . 86

7 Single Shot Magnetic Imaging 88

7.1 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

7.2 Imaging Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

7.3 Damage Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

7.3.1 Manifestation of Thermal Damage . . . . . . . . . . . . . . . . 98

7.3.2 Ultrafast Demagnetization . . . . . . . . . . . . . . . . . . . . 100

7.4 Summary and Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . 103

8 Conclusions 106

Bibliography 108

xi



List of Tables

4.1 Grain sizes/magnetic cluster sizes and distributions of different PMR

media generations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.2 Grain sizes/magnetic cluster sizes and distributions of medium inter-

granular exchange (ME) samples of different targeted grain sizes. . . . 51

4.3 Grain sizes/magnetic cluster sizes and distributions of high and low

intergranular exchange (HE and LE) samples of different targeted grain

sizes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

xii



List of Figures

2.1 Electric current and magnetic field . . . . . . . . . . . . . . . . . . . 3

2.2 Stoner model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.3 Spin-orbit coupling . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.4 Magnetic structures and processes in the nanoscale and ultrafast . . . 10

2.5 Ultrafast demagnetization in Ni . . . . . . . . . . . . . . . . . . . . . 14

2.6 Three temperature models . . . . . . . . . . . . . . . . . . . . . . . . 15

2.7 First demonstration of all optical magnetic switching . . . . . . . . . 17

2.8 Ferrimagnetic coupling and temperature dependence . . . . . . . . . 18

2.9 Representation of time-resolved dynamics of Gd and Fe sub-lattices . 20

3.1 Absorption and scattering cross sections of Fe . . . . . . . . . . . . . 27

3.2 Bragg’s law . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.3 X-ray magnetic circular dichroism with the Stoner model . . . . . . . 30

3.4 X-ray magnetic circular dichroism effects at Co and Fe L edges . . . . 31

3.5 Charge and magnetic contrast in a sample transmission profile . . . . 33

3.6 Diffraction with circularly and linearly polarized x-rays . . . . . . . . 36

3.7 Experiment chamber and geometry . . . . . . . . . . . . . . . . . . . 37

4.1 Perpendicular magnetic media transmission electron microscopy im-

ages and layer structure . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.2 Small angle x-ray scattering experimental setup . . . . . . . . . . . . 45

4.3 Example of small angle x-ray scattering pattern . . . . . . . . . . . . 46

4.4 Small angle x-ray scattering profiles of different generations of PMR

media . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

xiii



4.5 Structural and magnetic information across four generations (2007-

2012) of perpendicular magnetic recording media . . . . . . . . . . . 49

4.6 Structural and magnetic information of the medium exchange perpen-

dicular magnetic recording media series . . . . . . . . . . . . . . . . . 52

4.7 Structural and magnetic information of the low and high exchange

perpendicular magnetic recording media series . . . . . . . . . . . . . 55

5.1 Phase problem in Fourier reconstruction . . . . . . . . . . . . . . . . 60

5.2 Fourier transform holography . . . . . . . . . . . . . . . . . . . . . . 62

5.3 Fourier transform holography with multiple references . . . . . . . . . 64

5.4 Holography with extended reference by autocorrelation linear differen-

tial operation (HERALDO) . . . . . . . . . . . . . . . . . . . . . . . 66

5.5 Holographic imaging sample schematic . . . . . . . . . . . . . . . . . 67

6.1 All optically switched magnetic nanostructures in TbFeCo . . . . . . 70

6.2 Nanoscale all optical magnetic switching experimental concept . . . . 71

6.3 Elemental imhomogeneity in TbFeCo revealed by scanning transmis-

sion electron microscopy . . . . . . . . . . . . . . . . . . . . . . . . . 73

6.4 Gold dipole antenna simulation . . . . . . . . . . . . . . . . . . . . . 75

6.5 Gold dipole antenna fabrication process flow . . . . . . . . . . . . . . 76

6.6 Scanning electron microscopy of holography samples and gold plas-

monic dipole antennas . . . . . . . . . . . . . . . . . . . . . . . . . . 78

6.7 Plasmon-mediated all optical magnetic switching experimental setup . 79

6.8 Resolving power of HERALDO imaging . . . . . . . . . . . . . . . . . 80

6.9 Extraction of magnetic contrast . . . . . . . . . . . . . . . . . . . . . 81

6.10 Plasmon-mediated nanoscale all optical magnetic switching . . . . . . 83

6.11 Reversible all optical magnetic switching . . . . . . . . . . . . . . . . 84

7.1 Single shot magnetic imaging experimental setup . . . . . . . . . . . 92

7.2 Single shot magnetic image reconstruction . . . . . . . . . . . . . . . 93

7.3 Single shot image series with 80 fs pulses . . . . . . . . . . . . . . . . 95

7.4 Single shot image series with 360 fs pulses . . . . . . . . . . . . . . . 96

xiv



7.5 Thermal damage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

7.6 Damage by ultrafast demagnetization . . . . . . . . . . . . . . . . . . 101

7.7 Pump-probe schematic and imaging fluence regimes . . . . . . . . . . 104

xv



Chapter 1

Introduction

Magnetism is a cornerstone physical phenomenon used in various applications such

as for navigation, power induction and generation, and information storage. One

of the most ubiquitous and relatable use of magnetism is information storage in

magnetic stripe cards for purposes such as identification and monetary transactions.

The development of computing is also closely linked to and dependent on magnetism.

Magnetic storage technologies such as magnetic tapes, floppy disks, and modern hard

disk drives are past and present examples of dominant forms of computer data storage.

In the continued improvement of current and novel magnetic nanotechnologies, the

goal has always been to go smaller for higher densities and miniaturization, and faster

for more efficient processes.

X-rays on the other hand, since its the discovery by Röntgen in 1895, has been

used as a tool for the characterization and study of materials. X-rays are simply a

form of light with higher energies, ranging from hundreds of eV to hundreds of keV,

and correspondingly, shorter wavelengths ranging from a few nanometers to a few

picometers. The penetration depth and resolving power make x-rays a powerful tool

to probe and image the structure of materials.

While x-ray scattering has been a popular technique in the study of microscopic

charge structure, the study of magnetic structure with x-rays has not been straight

forward. It was not easy overcoming the inherently lower interaction cross sections

between x-rays and spins [1, 2]. While the development of magnetic x-rays scattering

1
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was pioneered in 1972 by de Bergevin and Brunel [3], key breakthroughs happened in

more recent times with the utilization of resonant effects [4, 5] and the demonstration

of dichroism with linear and circularly polarized x-rays [6, 7, 8]. At the same time, the

advancement of modern synchrotron sources with tunable energies and ever increasing

brilliance has enabled the development and adoption of advanced magnetic scattering

and imaging techniques [9].

The development of lensless x-ray imaging as a new approach to magnetic mi-

croscopy has experienced tremendous progress. Such techniques do away with the

need for focusing optics and are based on the processing and interpretation of scat-

tering patterns alone [10, 11]. The culmination of years of effort has resulted in

holographic lensless imaging with resolutions approaching 15 nm [12, 13], truly open-

ing the door for magnetic imaging on the nanoscale. The birth of x-ray free electron

lasers is another a massive step in opening up the exploration of magnetism in the

femtosecond regime. The combination of resonant x-ray scattering and imaging with

ultrafast x-ray pulses has huge potentials for novel science in the field of magnetism

and magnetic materials in the future.

The goals of this dissertation are to outline the concepts for resonant x-ray mag-

netic scattering and holographic imaging techniques, and to show how these tech-

niques can be applied to the study of magnetic materials in the nanoscale and ultra-

fast regimes. The three sets of experiments shown here form the basis of the following

papers that are published [15, 16] or pending submission [17]. Chapter 2 begins with

a short review of basic magnetism concepts. Perpendicular magnetic recording, all

optical magnetic switching, and ultrafast demagnetization are introduced to motivate

the subsequent experiments. Chapter 3 reviews basic x-ray concepts leading into res-

onant magnetic scattering. Chapter 4 presents the results of the study done on past

and current generation perpendicular magnetic recording media using resonant soft

x-ray scattering [16]. Chapter 5 extends the concepts for magnetic scattering into

holographic x-ray imaging. Chapter 6 presents the results of the imaging experi-

ment on nanoscale all optical magnetic switching of TbFeCo [17]. Chapter 7 brings

holographic magnetic imaging into the ultrafast time regime with a demonstration of

single shot magnetic imaging [15]. Finally, I will conclude and discuss future outlooks.



Chapter 2

Magnetism Basics and Motivation

2.1 Basic Magnetism Formalisms

The following section is a summary of some basic magnetism concepts necessary to

understand the discussions in this dissertation. Please refer to the following textbooks

for a more detailed and complete treatment [1, 18, 19].

The magnetic field is closely related to electric currents as illustrated in Figure

2.1. A magnetic field H can be defined with respect to the direction of a current I

or the sense of rotation of a current loop. Specifically, H is related to the current

density j by Ampère’s law, j = ∇×H .

I

H

r

I

H

r

(a) (b)

Figure 2.1: a A straight wire carrying a current I generates a magnetic field H around
it. b The direction of rotation of current loop I defines the H direction at the center
of the loop. The right hand rule applies in both cases.

3
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The term B defines the electromagnetic induction based on the Maxwell-Faraday

relationship of ∇×E = −δB/δt. In vacuum, B and H are related by B = µ0H ,

where µ0 is the magnetic permeability of the vacuum. To describe magnetic fields

in matter, another magnetization term, M is needed. The relationship between the

three terms are:

B = µ0H +M. (2.1)

M = χµ0H (2.2)

where χ is the magnetic susceptibility. A simple way to understand the above is

to think of B as the total magnetic field, H as the free magnetic field, and M as

the bound magnetization in matter. H is made up of the stray field Hs and the

demagnetizing field Hd. Hd is the magnetic field within a sample that is in the

opposite orientation with respect to the Hs outside of the material. The energy

integral of these fields forms the basis of magnetic shape anisotropy. The minimization

of demagnetizing fields explains why magnetic thin films tend to have an easy axis

in plane [1]. However, as we will see later, shape anisotropy is not the only form of

magnetic anisotropy.

To understand the microscopic origin of magnetism in materials, let us start by

considering the motion of electrons. Similar to before, a magnetic moment can be

defined by an orbiting electron and the magnetic field it generates. Using m = µ0IS

and I = −e(ω/2π), where ω is the angular frequency, −e is the electron charge and

S = πr2 is the area of the loop, we have the following:

m = −
eµ0

2
r2ω (2.3)

where the directions of the magnetic moment and the angular momentum are an-

tiparallel with respect to each other due to the negative charge of the electron. A

Bohr magneton is a common unit used to quantify magnetic moments:
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µB = −
eµ0h̄

2me

= 1.17x19−29Vms (2.4)

The motion of electrons can produce two types of magnetic moments. The orbital

magnetic moment mo is defined by an electron orbiting around a nucleus while the

spin moment ms is generated by the intrinsic spin of an electron. The orbital and

spin moments along a quantization axis z are:

mz
o = −

µB

h̄
lz (2.5)

mz
s = −2

µB

h̄
sz (2.6)

In this case sz = ±h̄/2 because electrons are Fermions with half-integer angular

momentum. The total magnetic moment can then be defined as:

mz
tot = −

µB

h̄
(2sz + lz) = −

µB

h̄
(gssz + gllz) (2.7)

where the g-factors, gs and gl, are 2 and 1 respectively. The angular momentum term

is important in the study of magnetism since the conservation of angular momentum

must be fulfilled in considering any form of dynamic behaviors.

The Landau-Lifshitz-Gilbert (LLG) equation is the general description of the mo-

tion of a magnetic moment in a magnetic field. This is important for the under-

standing of conventional magnetization switching dynamics. The equation describes

the precessional motion of a moment when a torque is applied, and the associated

damping. The LLG equation is the following:

dm

dt
= γ[m×H ] +

α

m
[m×

dm

dt
] (2.8)

The first term describes the precessional motion of m about H due to the torque

T = m×H with γ = −egsµ0/2me being the gyromagnetic ratio of electrons. The

second term describes the damping behavior, which is another torque that pushes m
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towards H . α represents the damping parameter. These two terms combine to form

a precessional motion about H that is being damped towards H . One can imagine

the moment precessing in a spiral with a smaller and smaller radius and eventually

aligning with H .

As seen earlier in the description of magnetic fields, the energy balance of magnetic

interactions forms an essential part of understanding magnetism in materials. The

exchange interaction and spin-orbit interaction are additional interactions that defines

the eventual magnetic properties of a material.

The exchange interaction is a quantum mechanical treatment that determines the

coupling and alignment of individual spins in a spin system. The explicit quantum

mechanics is beyond the scope of this discussion and can be found in [1, 18]. In

short, the nature of this direct, short-range exchange between individual spins is

determined by a combination of the Coulomb interaction and the Pauli exclusion

principle. The sign of the exchange energy determines if the minimum energy of the

electronic wavefunction is achieved when the spins are aligned parallel or antiparallel,

forming the basis for ferromagnetism or antiferromagnetism.

The idea of exchange interaction also applies in the simple but intuitive Stoner

model of metallic ferromagnetism. The exchange splitting causes states occupied

by opposite spins to have an energy difference ∆E. In the Stoner model’s band

description of magnetism, the density of states of opposite spins are different, leading

to different occupation levels at the ground state. This is schematically shown in

Figure 2.2. The difference between the majority and minority bands causes a net

magnetization. The imbalance of unoccupied states or holes available for photon

absorption in the Stoner model is very useful for understanding x-ray dichroism effects

discussed in Chapter 3.
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Figure 2.2: Schematics of the Stoner model. Exchange splitting causes an energy
difference ∆E between the density of states for spin up and spin down electrons.
The states below the Fermi energy EF are occupied while states above remain empty.
More electrons are in the majority band to the left. The spin quantization axis in
this case is aligned with the magnetization axis. As seen here, the magnetic moment
points in the opposite direction as the majority electron spin.

The spin-orbit interaction defines how the electron spin is coupled to the orbital

angular momentum. In other words, the spin-orbit interaction fixes the exchange

coupled spins to the lattice. The derivation of this spin-orbit coupling energy can be

seen in Figure 2.3 and by the following.

Horb = −
eL

4πmer3
(2.9)

ms = −
eµ0S

me

(2.10)

Eso = −ms ·Horb (2.11)
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Figure 2.3: The geometry to derive the spin-orbit coupling energy. L and S are the
orbital angular momentum and spin angular momentum respectively.

If this coupling energy is minimized along a particular crystallographic axis, then

the material is said to have a magnetocrystalline anisotropy. This anisotropy defines

an easy axis and a perpendicular hard axis, and the energy needed to rotate the

magnetization from the easy to the hard axis. Following this, the coercivity of a

material is defined by the field required to completely align the material along the

easy axis. Such anisotropy commonly occurs along the principle axis of crystal lattices

and can also be affected by ligand field effects which produce asymmetry in otherwise

isotropic lattices. In addition, the interaction between the magnetization and lattice

itself may deform and distort the crystal lattice. This how stress and strain applied to

a material can change its magnetocrystalline anisotropy in magnetostriction effects.

The equilibrium magnetization configuration of a magnetic material is essentially

determined by the competition of the above interactions and the stray and demagne-

tizing fields [1]. For example, hexagonal close packed systems with the easy axis

aligned along the c axis is commonly used to produce perpendicular magnetized

thin films since the strong magnetocrystalline anisotropy can overcome the shape

anisotropy. In another example, the formation of magnetic domains in a ferromagnet

can be determined by the competition between minimizing stray fields and the energy

cost of forming domain walls. The formation of the domain walls is then determined

by the balance of exchange energies and anisotropies.

It is important to introduce the Curie temperature (Tc) which is defined as the
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temperature where a material loses its spontaneous magnetism. With significant ther-

mal energy overcoming the exchange energies, spins in a magnetic material will begin

to fluctuate independently and lose its long range order. With the Weiss-Hesisenberg

model, Tc is dependent on the energy needed to reverse the atomic moment of an

individual atom, in the mean field of all other atomic moments [1].

Finally, the Zeeman interaction describes the action of an external field on the

spin and orbital angular momentum of a material. An external field causes previously

degenerate energy levels to split based on the spin and orbital quantum numbers, and

this splitting allows the eventual alignment of a magnetic material to the external

field.
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2.2 The Need for Nanoscale and Ultrafast
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Figure 2.4: Magnetic structures and processes in the nanoscale and ultrafast regimes.
Adapted from [1].

Figure 2.4 shows some topics in magnetism across the size and time spectrum. In

the space regime, examples of nanoscale magnetic structures are the hard disk drive

(HDD) magnetic recording bits in the tens of nanometers and spin-valve based devices

for magnetic random access memory applications in the hundreds of nanometers.

Going smaller are the magnetic media grains which are below 10 nanometers in size

[20]. There are also novel concepts based on functionalized magnetic nanoparticles

for sensing and biomedical applications [21, 22]. Naturally, there is a lot of incentive

in going to smaller and smaller physical dimensions for density improvements and

miniaturization. This continued physical scaling is accompanied by the desire to

manipulate magnetism at faster time scales. In the time domain, conventional ways
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of switching magnetic domains in HDDs or spin-torque devices are done by external

fields or spin-polarized currents. These processes are driven by the spin precession

and damping effects with a time scale of between hundreds of picoseconds to a few

nanoseconds [1, 23, 24]. The all optical magnetic switching process occurs faster

in the range of picoseconds [25] and ultrafast demagnetization occurs even faster in

the hundreds of femtoseconds [26]. Despite the lack of complete understanding of

such ultrafast processes, these phenomenon are tantalizing evidence for faster and

more efficient channels to manipulate magnetism. Difficulties with modeling non-

equilibrium dynamics and the lack of microscopic insights makes a strong case for the

need to study and image such processes in the nanoscale and ultrafast regime.

In the study of magnetism, there are several well developed microscopy techniques

that can cover the entire spatial range of interest. High resolution transmission elec-

tron microscopy (TEM) can be used to image the atomic structure of magnetic ma-

terials. Some examples of magnetically sensitive techniques are spin-polarized scan-

ning electron microscopy (spin-SEM), magnetic force microscopy (MFM), Lorentz

microscopy, and TEM electron holography. Scanning hall probe microscopy (SHPM)

and superconducting quantum interference devices (SQUID) have high sensitivity

but lack true nanoscale resolution. However, the above techniques are typically not

compatible with ultrafast setups. The naturally small field of views also limit the

collection of statistical information. On the other hand, optical techniques based

on the magneto-optical Kerr effect (MOKE) have excellent femtosecond time reso-

lution and have been widely used in pioneering femtomagnetism studies. However,

there is lack of nanoscale spatial resolution due to the inherent diffraction limit of

optical light determined by the wavelength. As we converge upon the nanoscale and

ultrafast, there is a real need for techniques that possess both the necessary spatial

and temporal resolutions. X-ray based techniques have the unique capabilities to

fulfill this requirement. With smaller wavelengths, x-rays have the necessary spatial

resolution as evidenced by common techniques in x-ray diffraction and crystallogra-

phy. In the time scale, modern 3rd generation synchrotron x-ray sources such as the

Stanford Synchrotron Radiation Lightsource (SSRL) can produce pulse lengths in the

tens of picosecond. With advanced femto slicing techniques, this time resolution can
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be pushed into the sub-picosecond regime. The advent of x-ray free electron lasers

(XFELs) such as the Linac Coherent Light Source (LCLS) provides the final push

into the femtosecond regime with pulse lengths on par with optical lasers.

In the following subsections, we will briefly review three fields at the forefront

of magnetism research that motivates this dissertation. These include perpendicular

magnetic recording (PMR) media, all optical magnetic switching (AOS) and ultrafast

demagnetization. These topics will show the need for nanoscale and ultrafast imaging

techniques. The subsequent parts of this dissertation are demonstrations of how

resonant soft x-ray are used to explore these frontiers.

2.2.1 Perpendicular Magnetic Recording (PMR) Media

The magnetic data storage industry continues to grow at a strong pace driven by the

proliferation of the internet, social media, and the cloud. Coupled with continued

advances in computing power, massive amounts of data are being generated across

the world every second. All these information needs to be stored and HDDs are the

cheapest and most dominant form of data storage, accounting for revenues of over $30

billion a year. Continued scaling to achieve higher areal densities is the key to keep

the cost of HDD storage low and maintain its competitive advantage over alternative

technologies such as solid state drives. PMR media technology in HDDs was first

introduced commercially in 2006 and has since taken over the industry.

A remarkable reduction in average grain sizes and grain size distributions, and

therefore, the corresponding magnetic dimensions has enabled the success of PMR

technology [20, 27]. The current 700 Gb/in2 PMR media has grains below 10 nm in

size and magnetic bits of about 20×80 nm. Therefore, the continued development and

optimization of PMR technology requires nanoscale magnetic imaging capabilities.

Gains in recording density have been achieved so far through optimizing the grain

size distributions and engineering the various magnetic interactions within the media

[28, 29, 30, 31, 32, 33]. However, going forward, PMR technology faces increasing

challenges to provide ever larger recording densities. Not only does the magnetic bit

sizes need to get the smaller, the distribution of such bit sizes must also be minimized.



CHAPTER 2. MAGNETISM BASICS AND MOTIVATION 13

Continued scaling of the grain sizes will eventually approach a fundamental limit

imposed by the superparamagnetic effect where the magnetic volume of the grains

becomes so small that they are susceptible to thermal fluctuations and spontaneous

flipping. Therefore, there is a concerted effort in the industry to explore and develop

next generation magnetic storage technologies.

On of the most popular candidates is heat-assisted magnetic recording (HAMR)

utilizing a high magnetic anisotropy and chemically ordered granular media [34, 35].

In this approach the media grains can be scaled down about 4 nm, promising a signif-

icant increase in recording densities. However, the high coercivity of such materials is

beyond the field strengths provided by conventional write heads and laser pulses are

needed to thermally soften the magnetization for switching. Another approach is Bit

Patterned Recording (BPR) media, where individual magnetic bits are defined litho-

graphically [36, 37]. Looking further ahead, AOS as described later in this section

and in Chapter 6 can also be a future candidate.

There is a need for magnetic characterization techniques with the necessary spatial

resolution and magnetic sensitivity in the study and development of such present

and future technologies. Chapter 4 demonstrates that resonant soft x-ray magnetic

scattering has the unique and superior ability to simultaneously probe the underlying

structural and magnetic structures in PMR media samples.

2.2.2 Ultrafast Demagnetization

The field of ultrafast demagnetization has generated a large amount of interest and

research in the last two decades. The fundamental mechanism of this process is still

under intense debate and proves to be a fertile field for both theorist and experi-

mentalists alike. The existence of ultrafast demagnetization is clear evidence of a

pathway for manipulating magnetism at ultrafast time scales. This holds important

implications for possible future technologies.

The first definitive demonstration of the ultrafast demagnetization effect was

demonstrated by Beaurepaire et al. in 1996 [26]. With a time-resolved MOKE setup,
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it was discovered that the magnetization in a Ni thin film can be quenched on a sub-

picosecond time scale after exposure from a laser pulse. The data from the original

publication is shown in Figure 2.5a. This was an unexpected result based on the

traditional understanding that the spin-lattice relaxation time is in the order of hun-

dreds of picoseconds. This result has been duplicated since then as shown in Figures

2.5b and c, and also shown in other materials [40, 41, 42, 43].

(a) (b)

delay (ps)

c)

Figure 2.5: Ultrafast demagnetization in Ni following an optical excitation pulse. a
Data from the original 1996 time-resolved MOKE experiment [26]. b Another time-
resolved MOKE experiment by Koopmans et al. [38]. c A more recent experiment
revealing ultrafast demagnetization by time-resolved x-ray magnetic circular dichro-
ism (XMCD) measurements [39].

A three temperature model was initially introduced to describe this process [26].

In this model, characteristic interaction times govern the equilibration between the

energy reservoirs of the electrons, spins and the lattice. After energy is initially

pumped into the electronic system, it dissipates across the electron-lattice, electron-

spin and spin-lattice channels. The experimental observations can then be reproduced

by assigning heat capacities to and coupling constants between the reservoirs. This

model however, fails to physically answer the question of how can the spin system

respond to the initial optical excitation so quickly, given that the conservation of

angular momentum is a strict requirement and the spin-lattice coupling pathway

via spin orbit interactions occurs much more slowly. This bottleneck in the simple

three temperature model suggests the presence of another channel of spin angular

momentum transfer. It begs the question of how and where does the spin angular

moment dissipate to? This has been the key topic of investigation and debate [44,



CHAPTER 2. MAGNETISM BASICS AND MOTIVATION 15

45, 46, 47, 48, 49]. The nature of this highly excited, far-from-equilibrium process

with the multitude of different interaction at different time scales makes theory very

challenging.

The two approaches to this problem that have gained the most traction are the

Elliot-Yafet type electron-phonon spin flip scattering theory proposed by Koopmans et

al. [45, 50] and the supperdiffusive spin transport model first presented by Battiato et

al. [49]. The former is an expansion upon the original three temperature model where

the spin angular momentum dissipation is explicitly taken into consideration. In this

newer model, the spin relaxation is mediated by electron-phonon scattering events

that has an accompanying spin-flip probability. This model is shown in comparison to

the original three temperature model in Figure 2.6. Since then, works have supported

this mechanism by showing that the lattice is the only viable channel for spin angular

momentum dissipation [39, 51]. However, criticisms of this approach points out that

such spin-flip scattering processes are based on a well defined electron thermalization

temperature within the necessary time scales, which is hard to justify in a laser

pumped system far away from equilibrium [52, 53].

(a) (b)
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Figure 2.6: a The original model proposed by Beaurepaire et al.. Coupling constants
between the three energy reservoirs dictate the time scale. However, there is no
explicit consideration on the conservation of angular momentum. b Model proposed
by Koopmans et al. introducing an Elliot-Yafet type spin-flip scattering that couples
to phonons.
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On the other hand, a model based on the superdiffusive transport of spin-polarized

electrons has been proposed [49, 54]. In this approach, the flow of spin-polarized elec-

trons is described by electron scattering events. Spin flips of the delocalized electrons

will then cause the quenching of the magnetic moment. This approach circumvents

the need for angular moment dissipation into the lattice. In response to this, sev-

eral recent experiments have demonstrated the existence of spin-polarized currents in

metallic bilayer systems following laser excitation [55, 56]. Correspondingly, theoret-

ical drawbacks of this model was highlighted in a recent article based on the inherent

inefficiencies in using a rigid band structure framework to calculate electron scattering

events [57].

More recently, it was suggested that both superdiffusive spin transport and ultra-

fast spin-flip scattering events can occur simultaneously. By using a magnetic bilayer

sample with either a good spin transport or a good spin scattering spacer layer,

interlayer spin currents can be suppressed while the sample undergoes ultrafast de-

magnetization [58]. As demonstrated by such recent development, the community has

been showing increasing interests in the exploration of practical applications for the

ultrafast demagnetization phenomena. In addition, the AOS mechanism described in

the next subsection is closely related since it is initiated by ultrafast demagnetization.

The continued development of femtomagnetism, in both experimental and theoretical

capacities, will pave the way for understanding and utilizing novel ways to manipulate

magnetism in the ultrafast regime.

The major challenge in furthering this field is the complexity of the highly non-

equilibrium conditions. Theoretical frameworks breakdown and experimentally, there

has been a lack of ability to image and study the microscopic evolution of magnetism

on a femtosecond time scale. While femtosecond pump-probe MOKE spectroscopy

has the necessary time resolution, it lacks the spatial resolution necessary to reveal

microscopic correlations and their role. In more complex, multi-layered or alloyed

samples, it is also necessary to have elemental sensitivity to discern the different

dynamics in different elements. This is why x-rays are of particular value in the study

of femtomagnetism. With intense femtosecond x-ray pulses produced by XFELs,

scientists will finally have access to techniques that is uniquely suited to such studies.
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The final experiment presented in this dissertation on single shot magnetic imaging

in Chapter 7 is done with this future in mind.

2.2.3 All Optical Magnetic Switching

Continuing from the previous section, the ability to control magnetism at the ul-

trafast time scales has a very practical application in magnetic switching for data

storage and logic purposes. Laser-induced dynamics is an obvious strategy to explore

switching processes that can occur at faster speeds than conventional switching. AOS

without any external field was first demonstrated by Stanciu et al. [25] in 2007 on

a ferrimagnetic GdFeCo sample as shown in Figure 2.7. Micrometer sized magnetic

domains were switched with single 40 femtosecond laser pulses within tens of picosec-

onds after exposure. An interesting helicity-dependent reversal was also observed at

lower laser fluences while helicity-independent reversal occurred at higher fluences.

This discovery immediately prompted ideas that AOS could be a candidate for future

magnetic recording technology [59, 60, 61].

(a) (b)

Figure 2.7: a Light and dark regions are domains magnetized in opposite directions
out of plane. The circular dots are domains switched in a helicity-dependent manner
b Artist’s concept of AOS used for magnetic recording applications. Both figures are
from [25].

In addition to AOS being a faster process than conventional switching, helicity-

dependence also allows for deterministic switching behavior. Furthermore, significant

advancement has been made integrating optical lasers with traditional recording heads

for next generation HAMR technologies [62, 63]. AOS seems to be a very compatible

and appealing candidate for magnetic data recording. Various near field plasmonic
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structures such as antennas and apertures can even be tailored to deliver polarized

light into a very small and confined area [64, 65, 66, 67, 68]. Of course, practically,

AOS still requires a lot more development in many aspects, such as exploring a

suitable materials system with the necessary magnetic properties, a more detailed

understanding the various parameters that control the switching mechanism, and

reliable delivery of light. In Chapter 6, we explore whether it is possible to switch tiny

bit-sized domains in a controllable and reversible manner using Au plasmonic dipole

antennas. Nanoscale imaging with resonant soft x-rays allows for high resolution and

element specific studies, with exciting opportunities for time-resolved imaging in the

future.

(a) (b)
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c

Figure 2.8: a In a ferrimagnetic material such as GdFeCo, the Gd and Fe sub-lattices
are antiferromagnetically coupled. In this illustrated case, the magnetic moment of
Gd (red) is larger and therefore determines the net magnetization. b A schematic
representation of the different temperature dependence of the Gd (red) and Fe (blue)
sub-lattices. A compensation temperature, Tm at which the net magnetization is zero
is present. In the case shown in a, the material at a temperature below Tm.

The understanding of the AOS process is very important in any future applica-

tions and has been the subject of much attention. To start, let us first consider the

amorphous ferrimagnetic alloy system, of which GdFeCo is the prototypical example.

As shown in Figure 2.8a, the ferrimagnetic alloy is made of a rare-earth (RE) mag-

netic sub-lattice that is antiferromagnetically coupled to a transition metals (TM)

magnetic sub-lattice. In GdFeCo, Co is aligned parallel to Fe and is substituted for
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5-15% of the Fe in order to increase the Curie temperature and magneto-optical sus-

ceptibility [61]. A perpendicular net magnetization is present due to the imbalance of

magnetic moments between the RE and TM elements. For such alloys, magnetization

and angular momentum compensation temperatures exist where the magnetization

and angular momentum are equal and net zero quantities are observed. Figure 2.8b

is a representative plot illustrating the compensation point, Tm. This compensation

is due to the different temperature dependence of the respective sub-lattices, and

the net magnetization is determined by either sub-lattices depending on if the tem-

perature is above or below Tm. AOS is threshold, heat-driven process that does not

proceed by a precessional motion similar to conventional switching [69]. However, the

precise role of the pulse fluence, pulse length and helicity is still under investigation

[70, 71, 72, 73, 74, 75, 76].

Another key to AOS lies in the reaction of the different sub-lattices to laser il-

lumination and the inter-sub-lattice angular momentum transfer that occurs after

that [77, 78]. As revealed in a time-resolved, element specific x-ray magnetic circular

dichroism (XMCD) experiment by Radu et al., the real action happens in the sub

picosecond and picosecond time scales [77]. As illustrated in Figure 2.9, the magneti-

zations of the Gd and Fe sub-lattices undergo ultrafast demagnetization after initial

laser exposure, but with different speeds. The moment of the Fe sub-lattice reverses

first within 300 femtoseconds and forms a transient, ferromagnetically coupled state

with the Gd sub-lattice. The Gd sub-lattice then achieves switching after 1.5 picosec-

onds and the entire sample proceeds to recover into the switched direction. This is an

indication of spin dynamics occurring between the Gd and Fe sub-lattice during the

ultrafast demagnetization process. When a Gd spin is reversed, a Fe spin is flipped

due to the antiferromagnetic coupling. This conservation of angular momentum ex-

plains why the Fe sub-lattice can be switched after its magnetization is quenched

first.

Most AOS experiments conducted were macroscopic studies without considera-

tions of the microstructure. On the contrary to previous notions that the amorphous

RE-TM ferrimagnetic alloy samples are uniform, resonant x-ray magnetic scattering
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Figure 2.9: A representation of the different dynamics in Fe and Gd sub-lattices from
[77]. The Fe sub-lattice reacts faster and a transient ferromagnetic aligned state was
seen at 0.4 picoseconds. The Gd sub-lattice then switches and the entire sample
recovers into a flipped state.

and TEM elemental mapping have revealed intrinsic nanoscale elemental inhomo-

geneities on the order of 10 nanometers. A recent experiment on a similar GdFeCo

sample was done in our group to explore the effects of such nanostructures [79]. The

results imply that the nanoscale structuring can mediate a longer-range transfer of

angular momentum in the form of spin currents. This means particular regions of the

sample may experience different dynamics based on its nanoscale elemental compo-

sition, and act as switching nucleation spots. It remains to be seen if this nanoscale

inhomogeneity is important in controlling and understanding the microscopic origin

of the AOS process. However, this brings up the intriguing prospect of artificially

engineered materials for AOS.

In a separate approach from the materials science perspective, groups have been

exploring alternate RE-TM ferrimagnetic sample systems. AOS has been demon-

strated in TbFeCo, FeTb and CoTb alloys [80, 81, 82] and there are efforts to explore

systems with other RE elements such as Dy and Ho. Another idea is to fabricate mul-

tilayer samples with alternating RE and TM layers. Ideally, the goal will be to move

away from the relative rare and expensive RE elements and engineer AOS materials

out of multilayered TM based samples. This can be achieved with antiferromagnet-

ically coupled layers with a compensation temperature. Finally, there are attempts



CHAPTER 2. MAGNETISM BASICS AND MOTIVATION 21

to artificially nanostructure and define switching regions in AOS materials [83].

AOS is a growing field with a strong need for nanoscale and ultrafast studies. As

mentioned, a microscopic view may hold unique insights into the AOS mechanism.

Resonant soft x-ray magnetic scattering and imaging fulfills this role very well and

can play a big part in driving the future development of AOS research.

The previous three sections have all made strong cases for the need to study

magnetism and magnetic materials in the nanoscale and ultrafast regimes. Now let

us move on and understand why and how are x-rays well suited for this purpose.



Chapter 3

Resonant X-ray Magnetic

Scattering

This chapter builds up an understanding of x-ray interactions with matter and illus-

trates how resonant soft x-rays are well suited to the study of magnetic materials.

The particular importance of polarization dependence in attaining magnetic sensitiv-

ity will be highlighted in an overview of the resonant x-ray circular magnetic dichroism

(XMCD) effect. Subsequently, an introduction to x-ray diffraction in the transmis-

sion geometry will demonstrate how information on a sample can be collected and

interpreted.

3.1 X-ray Absorption and Scattering

In resonant soft x-ray measurements, essential information is obtained through the

detection of photons that have interacted with the sample. It is therefore important

to understand the photon-matter interaction processes and how does the exit wave

propagate to the detector plane. When an x-ray photon enters a sample, it can either

be scattered or absorbed. It will be shown later that the absorption cross section of

magnetic materials in the soft x-ray regime is much larger than the scattering cross

section, and absorption is the dominant contrast mechanism in magnetic scattering

and imaging. Again, for more details, please refer to the following texts [1, 2, 84].

22
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3.1.1 X-ray Scattering

A simple picture of scattering involves the electromagnetic waves of incident photons

causing oscillations in the charges of a material. This oscillation then re-radiates

photons in the form of scattered waves. Elastic scattering occurs when the energy is

conserved between the incident and scattered waves, while inelastic scattering results

in a transfer of energy to the material.

Let us first consider scattering by a single electron and then build up to scat-

tering by an atom, which can be viewed as an electron density. With an incident

electromagnetic wave of unit polarization vector ǫ:

E(r, t) = ǫE0e
−i(ωt−k·r) (3.1)

B(r, t) =
1

c
(k0 × ǫ)E0e

−i(ωt−k·r) (3.2)

oscillations are driven in the electron by the electric field, forming an electric dipole

moment:

p(t) = −
e2

meω2
E0e

−iωt (3.3)

which radiates a field:

E ′
charg(t) = −

e2

4πǫ0mec2
eik

′r

r
[k′

0 ×E(t)]× k′
0 (3.4)

= −re
eik

′r

r
[k′

0 ×E(t)]× k′
0 (3.5)

where k′
0 is the scattered wavevector, and re is the Thomson scattering length:

re =
e2

4πǫmec2
= 2.82× 10−6 nm (3.6)

Similarly, the spin driven by the magnetic field B will form a oscillating magnetic

dipole:
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m(t) = i
e2h̄µ0

ωme
2
s×B0e

−iωt (3.7)

which radiates a field

E ′
mag(t) = i

e2

4πǫ0mec2
h̄ω

mec2
eik

′r

r
[s× (k0 × E(t))]× k′

0 (3.8)

= ire
h̄ω

mec2
eik

′r

r
[s× (k0 × E(t))]× k′

0 (3.9)

From the above equations, one can see that charge scattering causes a phase shift

of π in the scattered waves while spin scattering causes a phase shift of π/2. The spin

scattering amplitude is smaller than the charge scattering amplitude by a factor of

h̄ω/mec
2 and is much weaker. The total scattering cross-section from a single electron

is known as the Thomson cross-section and is defined as:

σe =
8π

3
(re)

2 = 0.665× 10−28m2 (3.10)

A simple one-electron picture can be used to illustrate the resonant x-ray scattering

process where a core electron is excited into an empty state. A de-excitation process

between the now empty core and the occupied state then occurs with the emission of

a photon. The resonant scattering cross section can be increased by a factor of 104

[1].

Extending the single electron scattering picture to an atom requires the consider-

ation of multiple electrons. The atomic form factor:

F 0(Q) =

∫
sample

ρ(r)eiQ·rdr (3.11)

is introduced here to take into consideration the spatial distribution of the electrons.

Q here is a wave vector or momentum transfer defined by Q = ki − kf where ki and

kf are the vectors of the incident and scattered waves respectively. This Q scattering

vector is commonly seen in x-ray diffraction and crystallography, and defines the
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interference effects of scattering between objects a particular distance apart. As Q

tends towards infinity, the scattered waves will increasingly interfere destructively. As

Q tends to 0, the scattering objects are so close together that they will all scatter in

phase. This is an important concept and we will come back to this while describing

the scattering geometry.

The energy dependence of the complex scattering factor is the following:

F (Q, ω) = F 0(Q) + F ′(ω)− iF ′′(ω) (3.12)

where F ′(ω) and F”(ω) are the real and imaginary terms defining the dispersion and

absorption effects. In the forward scattering geometry, F 0(Q) is simply Z, the atomic

number. Then:

F (ω) = Z + F ′(ω)− iF ′′(ω) = f1(ω)− if2(ω) (3.13)

3.1.2 X-ray Absorption

In x-ray absorption processes, energy from the incident photon is absorbed by an

electron. In this process, an electron may gain enough energy to overcome the binding

energy and exit as a photoemission electron. An electron may also be excited into

an empty state in the continuum and then lose energy by a cascading Auger decay

process in which empty core levels are filled. Radiative decay can also happen when an

electron from the outer shell fills an empty core hole. In non-resonant conditions, the

Auger process typically dominates. Resonant absorption occurs when the energy of

the incident photon coincides with the energy difference between a particular core and

empty level. This leads to greatly enhance absorption cross sections. Such absorption

resonance energies are element specific and can be used to identify elements in a

material. This allows for selective, element specific probing with x-rays. Of particular

interest to common transition metals (TM) ferromagnets are the L edges in the soft

x-ray regime which corresponds to the 2p to 3d transitions. Since the magnetic

properties in such TM materials results from the spins in the 3d shell, resonant x-

rays at the L edges are a direct probe into the magnetism of such materials.
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The complex refractive index n = 1− δ+ iβ defines the dispersion and absorption

of a sample. β is an easily measured value and δ can be calculated through the

well known Kramers-Kronig relationship [1]. Dispersion is typically very small on

resonance. To relate β to the absorption cross section, let us first consider x-ray

attenuation through a sample. With a linear absorption coefficient µx, the attenuation

it is defined by Beer’s law:

I(z) = I0e
−µxz (3.14)

where I0 is the incident intensity. µx is then linked to the absorption cross section,

σabs by:

µx = ρaσ
abs (3.15)

where ρa is the atomic number density.

Finally, we can relate the absorption cross section to the imaginary part of the

refractive index β and the scattering factor f2:

σabs =
4π

λρa
β = 2r0λf2. (3.16)

Figure 3.1 is a comparison between the absorption and scattering cross sections

of Fe at the L edges. The absorption cross section is three orders of magnitude larger

than the scattering cross section. In addition, scattered light is radiated into a 4π

solid angle, further decreasing the intensity that can be detected. Therefore, resonant

absorption is the dominant cause of contrast in soft x-ray scattering and imaging.

β and δ are the terms taken into consideration when calculating the transmission

profile through a sample. In this picture, the detected photons will depend on how

the transmitted wavefront propagate away from the sample plane.
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Figure 3.1: The absorption and scattering cross-sections of Fe at the L edges from
[85]. The absorption cross section is almost three orders of magnitude larger, even on
resonance.

We now come back to the scattering vector Q, which determines how scattered

waves interfere with each other. This is shown in Figure 3.2, where the Q vector of the

scattered wavefronts is related to the periodicity, d, of the sample. The relationship

is defined by Bragg’s law:

Q =
2π

d
=

4π

λ
sinθ. (3.17)

where 2θ is the angle between the incident and exit waves. While this is typically

used in determining crystallographic dimensions, it also applies to structures with

larger periodicities in the nanometer regime.

For the rest of this dissertation, scattering is used inter-changeably with diffrac-

tion and both words are used to describe wave-like behavior of the transmitted x-rays.

Scatterers should be interpreted from the perspective of point sources in the calcu-

lation of wave propagation using the Huygens-Fresnel principle. Before we go into

Fourier optics and describe the formation of a scattering or diffraction pattern in
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Figure 3.2: The derivation of Bragg’s law. The additional distance travelled by a
wave that diffracts off an object distance d away is given by 2dsinθ. If this distance
is a multiple of the wavelength, constructive interference will occur.

transmission geometry, let us first talk about the source of magnetic sensitivity in

resonant x-ray absorption.
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3.2 X-ray Magnetic Circular Dichroism

The polarization dependent absorption effect known as x-ray magnetic circular dichro-

ism (XMCD) is the basis for magnetic contrast in x-ray scattering and imaging tech-

niques. Let us first define the polarization basis with a wave propagating in z with

frequency ω and wavelength λ = 2π/|k|. For linearly polarized light, the electric field

vector oscillates along an axis in the x − y plane. The two linearly polarized basis

states for the electric field E(r, t) are:

Ex(z, t) = ǫ̂xE0xe
i(kz−ωt)+iφ0x

Ey(z, t) = ǫ̂yE0ye
i(kz−ωt)+iφ0y

(3.18)

For circularly polarized light, the electric field propagates along a circular helical

path. The photon angular momentum is the expectation value of the angular mo-

mentum operator along the propagation direction z, or 〈Lz〉. The circularly polarized

wave can be defined as a superposition of two orthogonal linearly polarized waves

with equal amplitude separated by a phase difference of π/2. The electric fields for

right and left circularly polarized (RCP and LCP) light are then given by:

ERCP (z, t) = E+(z, t) = − 1√
2
(ǫ̂x + iǫ̂y)E0e

i(kz−ωt)+iφ0

ELCP (z, t) = E−(z, t) =
1√
2
(ǫ̂x − iǫ̂y)E0e

i(kz−ωt)+iφ0

(3.19)

Similarly, a linearly polarized wave can be defined as a superposition of two circu-

larly polarized waves with equal amplitude, with the phase difference determining

the rotation angle of the linear axis. This concept will become important in think-

ing about the differences between magnetic scattering from linearly and circularly

polarized x-rays in the next subsection.

The circular polarization parameter of a beam is defined as:

P =
|E+|

2 − |E−|
2

|E+|2 + |E−|2
(3.20)

Starting from the Stoner model in Chapter 2, we recall an unbalance in the unoc-

cupied states above the Fermi energy due to exchange splitting. As shown in Figure
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Figure 3.3: Incident photons with spin angular momentum ±Jz will excited photo-
electrons with the same spin orientation. Since the number of available states for
spin up and spin down electrons are different, this naturally creates an absorption
difference with LCP or RCP light.

3.3, when x-rays are absorbed at the L resonance edge, electrons will be excited from

the 2p core to the unoccupied 3d levels. With the conservation of angular momentum,

circularly polarized light will excite spin up or spin down photoelectrons preferentially

depending on the alignment with photon spin. Since spin flips are prohibited in this

transition, a spin up electron can only be excited into an unoccupied spin up state

and the opposite for spin down photoelectrons. In this picture, the XMCD effect is
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due to different levels of absorption based on if the photon spins are aligned with the

electron spins.

Figure 3.4 shows the XMCD absorption contrast for Co and Fe L2 and L3 edges. A

difference in absorption is observed between a region of the sample that is magnetized

parallel or antiparallel to the photon spin direction. The contrast is maximum on

the resonance edge and when the sample is perfected aligned with the photon spin

direction. In plane magnetized samples can also be probed by XMCD, but they must

be rotated at angle so that a component of the magnetization is along the axis of the

photon spin direction. The reversed contrast at L3 and L2 edges is due to reversed

spin-orbit coupling.
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Figure 3.4: a XMCD absorption of Co at the L3 and L2 edges. Depending on if
the sample magnetization is aligned with the photon spin angular momentum, there
will be enhanced or decreased absorption. In plane magnetized sample will have an
absorption that is the average between the two. b XMCD absorption of Fe at the
L3 and L2 edges. Note the reversed contrast between the L3 and L2 edges due to
reversed spin-orbit coupling.



CHAPTER 3. RESONANT X-RAY MAGNETIC SCATTERING 32

3.3 Diffraction Through a Magnetic Sample

To understand the diffraction pattern collected from a sample, let us start with a

monochromatic plane wave with a wavelength λ incident on a sample. The transmis-

sion at the sample plane is defined as e(x, y). The exit wave diffracts and propagates

towards the detector plane a distance D away where it is defined as E(kx, ky). In

the far field or the Fraunhofer limit where (a2/Dλ ≪ 1), with a being the size of

the sample illuminated, the diffracted wave E(kx, ky) is given by a simple Fourier

transform of the transmission at the sample plane.

E(kx, ky) =

∫ ∞

−∞

∫ ∞

−∞
e(x, y)e−2πi(kxx+kyy)dxdy (3.21)

Note here that the axis coordinates kz and ky at the detector plane are in reciprocal

space, and the position of the diffraction features is determined by Bragg’s law de-

pendent on the wavelength and sample periodicity. For a more detailed treatment of

the propagation of diffracted light, please refer to the excellent text on Fourier optics

by Goodman [86].

It is then important to visualize the transmission profile of the sample and discern

the underlying contrast mechanisms. Let us consider a CoCrPt granular perpendicu-

lar magnetic recording (PMR) media similar to the representative schematic shown in

Figure 3.5a. It is made up of grains of the heavier CoCrPt alloy with grain boundaries

of lighter oxides. Magnetically, a few grains would form a domain that is perpendicu-

larly magnetized. The darker and lighter shading in Figure 3.5b represent out-of-plane

domains pointing in opposite directions. A representation of a line cut transmission

profile is also shown. In the transmission profile, there are two components which can

be differentiated by different periodicities. One is dependent on Z (atomic number)

and one is dependent on the magnetic XMCD contrast. The magnetic contrast can

be seen as modulating on top of the charge contrast. If the circular polarization is

reversed, an opposite magnetic contrast will be generated but the charge contrast re-

mains constant. Small features result in high frequency components in the scattering,

and result in interference at a higher Q in the diffraction pattern. Information about
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the characteristic length scales in the system is thus encoded in the diffraction pat-

tern. As a result, both charge and magnetic frequencies can be sampled at the same

time to produce the relevant charge and magnetic information. This is an important

feature and advantage that will be utilized in the experimental sections. Another

feature is regarding anisotropic scattering. For example, if the anisotropic structures

are all aligned in the one direction, there would be preferential scattering in a normal

direction in the diffraction pattern.
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Figure 3.5: A schematic differentiating charge and magnetic contrast. a A pure
charge contrast is represented by this transmission electron microscopy (TEM) image
of CoCrPt PMR media. The grain boundaries are made of lighter oxides and darker
grains of CoCrPt. If we look at a representation of the transmission profile across
a line cut, we can see the contrast and a corresponding periodicity defined by the
grain size and grain boundary width. This charge contrast remains constant whether
RCP or LCP is used. b A few grains will form a magnetic domain. The light and
dark shading represent domains pointing in opposite, out of plane directions. In this
case, the representation of the line cut transmission profile shows a larger periodicity
magnetic contrast modulating on top of the charge contrast. This contrast is reversed
by changing the circular polarization of the x-rays.

Another question to answer here is the importance of circularly polarized light

in obtaining magnetic scattering. A naive view considering only the transmission
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profile of the sample would conclude that with linearly polarized light, there will

be no magnetic contrast and therefore, no magnetic scattering. However, one can

recall that linearly polarized light can be seen as the superposition of two circularly

polarized waves with equal amplitude.

In the general sense, let us consider the same sample transmission profile with a

charge and magnetic contrast component, tc and tm, under illumination of RCP and

LCP x-rays, Et+ and Et−.

Et+(x, y) = Ei(tc(x, y) + tm(x, y)) = c(x, y) +m(x, y) (3.22)

Et−(x, y) = Ei(tc(x, y)− tm(x, y)) = c(x, y)−m(x, y) (3.23)

The electric field in the far field is the Fourier transform of Et±(x, y):

Ed±(X, Y ) = F{Et±(x, y)} = C(X, Y )±M(X, Y ) (3.24)

The intensity in recorded is then:

Id+(X, Y ) = |C +M |2 = |C|2 + |M |2 + 2|C||M |cos∆φ (3.25)

Id−(X, Y ) = |C −M |2 = |C|2 + |M |2 − 2|C||M |cos∆φ (3.26)

where ∆φ is the phase difference term that embodies the charge-magnetic interference

[87]. The cross term 2|C||M |cos∆φ is essential for holographic imaging purposes as

shown later in Chapter 5. The diffraction pattern from linearly polarized x-rays can

be simply represented as:

Idl =
1

2
(Id+ + Id−) = |C|2 + |M |2 (3.27)

The end result is that the charge and magnetic scattered waves from linearly polarized

x-rays are orthogonal to each other, and they do not interfere to produce cross-terms

[1, 88]. The sum of the diffraction pattern taken with RCP and LRC x-rays is the
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same as that taken with linearly polarized x-rays. This highlights the important

difference between scattering with linearly polarized and with circularly polarized x-

rays. Ultimately, choosing the right kind of polarization is an important consideration

based on the requirement of the experiments.

Figure 3.6 shows the diffraction patterns produced from a simulated transmission

pattern with RCP, LCP and linearly polarized x-rays respectively. In this case, tc is

defined by the circular aperture and tm is the modulating worm-like features within

the aperture. The charge scattering will produce characteristic Airy rings shown in

Figure 3.6b while the magnetic scattering produces the speckle pattern in Figure 3.6c.

The characteristic radius of the ring at which the speckles appear in reflects on the

average periodicity of the worm-like features shown. The size of the speckles depends

on the number of scatterers as more scatterers produce more interferences and smaller

features. With a large enough number of scatterers arranged in an isotropic, non

periodic fashion and a limited detector resolution, the speckles will look like a diffuse

ring. The diffraction patterns recorded with RCP and LCP shown in Figures 3.6d

and f result from the interference between charge and magnetic scattering encoded

in the 2|C||M |cos∆φ term. Finally, Figure 3.6e shows the diffraction pattern |C|2 +

|M |2 from linearly polarized light, which is equivalent to the sum of RCP and LCP

diffraction. Simulating such diffraction patterns is a straight forward process. An

absorption and transmission profile of the sample is calculated using the wavelength

and polarization dependent optical constants and the thickness of each element. Then

the diffracted wave is propagated to the detector plane using a Fourier transform and

the right scaling is applied.

So far, an assumption has been made regarding the presence of a monochromatic

plane wave, which is coherent longitudinally (energy) and transversely (spatially).

This requirement may not be simple to fulfill in real experiments. In synchrotron

sources and x-ray free electron lasers (XFELs), a grating monochromator is used to

select the energy in the soft x-ray regime. The typical resolution is on the order of 0.2

eV. While XFELs produce transversely coherent x-rays [89], the transverse coherence

of synchrotron is typically on the order of a few micrometers and this limits the

sampling area for coherent scattering. While coherence apertures can increase the
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Figure 3.6: a The sample transmission profile is made up of a circular aperture tc and
a worm-like tm. b Diffraction pattern from tc alone showing characteristic Airy rings.
c Diffraction pattern from tm alone. d With linearly polarized light, the diffraction
pattern is the sum of |C|2 and |M |2 terms in b and c. e With RCP x-rays, distinct
interference patterns can be seen as the Airy rings are“broken up” by the magnetic
scattering. This is due to the 2|C||M |cos∆φ term. f Diffraction pattern from LCP
x-rays.

transverse coherence, it reduces the intensity significantly [90]. With an incoherent

illumination on an isotropic, non periodic sample, each coherent fraction of the beam

will produce a slightly different diffraction pattern depending on the sample area

illuminated. The diffraction patterns then add up in the detector plane and blurs out

the features in a speckle pattern, producing a diffuse ring. However, the statistically

averaged information on sample periodicity is still found in the position and width
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of the diffuse scattering ring. Depending on the requirements of the experiment,

coherence may not be of concern. For example, in the study on PMR media shown in

Chapter 4, only the statistically averaged information of the sample is of interest. At

synchrotron sources, this results in a much larger sampling area and better statistics

since the entire beam can be used.

Our experiments are performed in the transmission geometry with the samples

deposited on x-ray transparent Si3N4 membranes. Figure 3.7 shows a simple schematic

overlaid on a picture of the resonant coherent imaging (RCI) chamber.
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Figure 3.7: Background: Picture of the RCI chamber attached to beamline 13.3 at
SSRL. Overlaid is a brief schematic showing the transmission scattering geometry
with respect to the incident x-ray optical axis.

The RCI chamber is a modular instrument that is designed to be operated at

different x-ray sources, and with different charge-coupled device (CCD) detectors for

different purposes and repetition rates. The chamber is entirely custom designed,

built and assembled by members of the Stöhr group in an effort led by Dr. Andreas

Scherz. It has since been used for numerous experiments at the Stanford Synchrotron
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Radiation Lightsource (SSRL) and the Linac Coherent Light Source (LCLS), includ-

ing all the experiments presented in this dissertation. The CCD used is a Princeton

Instruments back-illuminated in-vacuum PIMTE CCD with 2048 × 2048 pixels of

13.5 × 13.5 µm. A beamstop is used to block the direct beam to prevent damage to

the CCD and adjust for the limited dynamic range.

With the above understanding of magnetism and x-ray diffraction concepts, let

us move onto to an actual study on a magnetic sample.



Chapter 4

Characterization of PMR Media

In this chapter, we apply resonant x-ray magnetic scattering introduced in the pre-

vious chapter to characterize and study perpendicular magnetic recording (PMR)

media used in hard disk drives (HDDs). As introduced earlier in Chapter 2, HDDs

are the dominant form of data storage nowadays. The current PMR media based on

the CoCrPt-oxide system is relatively mature and faces stiff challenges in continuing

the roadmap of increasing areal densities. At the same time, there are intensive efforts

in the industry to develop next generation storage technologies.

In the development and optimization of PMR media, two of the key parameters

that determine the eventual recording density and performance are the structural

grain sizes and distributions, and the magnetic cluster sizes and distributions. Typ-

ically, these parameters are measured by a combination of techniques. The lateral

structural grain sizes and its distributions are obtained from plane view transmission

electron microscopy (TEM) of a small area from the media [91], while lateral mag-

netic cluster sizes (or correlation lengths) are extracted using minor hysteresis loop

analysis based on a set of simplified assumptions about lateral dipolar interactions

within the media layer [92]. Unlike TEM studies, the minor hysteresis loop analysis

is an indirect approach dependent on modeling parameters. High resolution cross

section TEM microscopy is also used to study the crystallinity, crystal orientation,

lattice matching and other details. Magnetic force microscopy (MFM) is typically

39
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used to obtain magnetic images in research settings. In industrial production, spin-

stand equipments with actual read heads are used to characterize well defined and

highly planar media samples.

As shown earlier in Chapter 3, one major benefit of resonant x-ray magnetic

scattering lies in its the ability to simultaneously extract key structural and magnetic

information in a single measurement. To demonstrate this approach, we performed a

study on past and present PMR media to explore the magnetic design considerations

for increasing recording densities. Such increases in earlier PMR media generations

relied on reductions in the magnetic cluster sizes based on engineering the granular

recording layer. The more recent media designs, on the other hand, focused on

engineering the laterally-continuous magnetic cap layer to produce smaller magnetic

clusters. This recent development allowed the optimization of magnetic cluster sizes

and magnetic cluster size distributions within the media for maximum achievable area

density, while keeping the structural grain sizes roughly constant. While the further

scaling of structural grain sizes is possible, decreases in the magnetic cluster sizes are

only possible if the intergranular exchange decoupling is careful maintained.

These experiments not only demonstrate the practical advantages of resonant x-

ray magnetic scattering in characterizing PMR media, they also show that it can be

an important technique in the development of future magnetic recording technologies.

This project is a collaboration between the Stöhr/Dürr group at Stanford/SLAC and

a team lead by Dr. Olav Hellwig at HGST, a Western Digital company. The samples

are deposited at HGST and the x-ray measurements done at the Stanford Synchrotron

Radiation Lightsource (SSRL).
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4.1 PMR Media Structure

In the previous generation longitudinal magnetic recording (LMR) media, grain size

reduction was the main strategy for increasing areal densities. Due to a more favor-

able demagnetization field geometry, PMR media have allowed for a tighter packing

of the bits, and therefore, higher recording densities than the retired LMR media sys-

tems. PMR uses phase segregated CoCrPt-based granular magnetic thin films with

perpendicular anisotropy that consist of Co-rich magnetic grains and oxide based

non-magnetic grain boundaries [20, 93]. Figures 4.1a and b show the cross section

and top view TEM images of representative CoCrPt granular layers.
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Figure 4.1: a A TEM plane view of CoCrPt media showing clear grains and grain
boundaries. b A cross section TEM view showing the columnar media grains and
layered structure. b A greatly simplified layer schematic of PMR media. They are
from the top, the carbon overcoat, the magnetic cap layer, the granular recording
layer (CoCrPt), the Ru layer for structuring, the seed layers and the soft underlayer.
There may be multiple individual layers with different functions within each labeled
layers.

The hexagonal close packed (HCP) CoCrPt grains grow and orient in a columnar

geometry. The high anisotropy easy axis lies along the c axis of the HCP crystal

structure, which is perpendicular to the sample plane. The light regions of non-

magnetic oxide grain boundaries seen in Figure 4.1a serve to magnetically decouple

the CoCrPt grains from each other. A few of these CoCrPt grains can still be exchange

coupled with each other to form a magnetic domain. Typically, the information in

PMR HDDs is recorded in tracks of rectangular bits of about 20 × 80 nm. The
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transitions between oppositely magnetized domains are what the read head would pick

up as bits. The size and uniformity of these domains would naturally influence the

density and read-write noise [94] and the improvement of both density and uniformity

can be achieved by having smaller discrete magnetic domains. The smallest stable

magnetic cluster size is determined by the competition of various factors such as

anisotropy, exchange and demagnetization fields as mentioned in Chapter 2, while the

switching speed and dynamics is governed by the interaction of the external write field

with the media. The optimization of PMR technology is a complex endeavor achieved

by engineering the media and write head to control the various magnetic interactions.

This can be done through a variety of methods such as tuning the materials growth,

materials structure, introducing addition layers, and generating stronger and more

defined write fields etcetera. Intuitively, with other factors being constant, smaller

grains would lead to smaller magnetic clusters. However, the superparamagnetic

effect imposes a limit to this scaling.

In the current PMR CoCrPt media system, the grain sizes have remained more or

less constant at 8-9 nm since its introduction in 2006 [95]. Despite the lack of grain

size scaling in PMR media, areal density has been increased almost 5 times from about

150 Gb/in2 in 2006 to about 700 Gb/in2 in 2012. This is due to progress driven by a

variety of other factors including the introduction of a soft magnetic underlayer (SUL)

and better control of the alignment of the HCP CoCrPt easy axis. The former allows

for larger write fields while the latter ensures that the easy axis of the grains are all

aligned up perpendicularly. The angular spread in today’s PMR media is below 3

degrees. Additional density progress is driven by the introduction and optimization of

a more complex and more functional magnetic layered structure. The most important

feature is the addition of a lower anisotropy, more continuous reversal assist layer or

magnetic cap layer (MCL) that is deposited on top of the higher anisotropy granular

recording layer (GRL). This new exchange-coupled-composite/continuous-granular-

composite (ECC/CGC) media architecture [28, 29, 30, 31, 32, 33] allows the use of

higher anisotropy materials for the GRL (ECC effect). The MCL generates a more

uniform intergranular lateral exchange in the media and tightens the magnetic cluster

size distributions (CGC effect) [28, 31]. In such ECC/CGC media architectures,
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the final lateral magnetic cluster sizes and distributions can now be optimized by

separately tuning the magnetic properties and microstructure in the GRL and the

MCL [28, 32, 33]. The layers essentially function as separate knobs to adjust the final

properties.

For the purposes of this study, we have simplified the structure schematic drasti-

cally to focus on the GRL and the MCL as seen in Figure 4.1c. We use resonant soft

x-ray magnetic scattering to probe structural and magnetic periodicities in the tens

of nanometers. This approach is commonly referred to as small angle x-ray scattering

(SAXS), since larger angles are typically associated with smaller length scales in the

regime of atomic and lattice spacings. We show that, with this advanced ECC/CGC

media concept, it is possible to fabricate structural grains that are completely de-

coupled magnetically in the lateral direction within the GRL, and then fine tune the

final degree of lateral exchange between the grains via MCL optimization. As the

grains in the GRL become fully exchange decoupled, it is only possible to reduce the

magnetic cluster size further by reducing lateral exchange in the MCL. As the GRL

structural grains are scaled smaller, we observe increases in magnetic cluster sizes

with respect to the granular sizes due to the concurrent scaling of the non-magnetic

grain boundaries. We show that by decreasing the lateral exchange in the media, this

undesired effect can be suppressed.
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4.2 Experimental Setup

Resonant magnetic SAXS is a direct approach for extracting key media parame-

ters and also provides information on the distribution of lateral magnetic correlation

lengths otherwise only accessible indirectly via spinstand analysis of alternating cur-

rent (AC) or otherwise demagnetized media [96]. SAXS is a powerful characteriza-

tion technique that can generate statistically averaged information about magnetic

and structural correlation length within the various layers of the recording media

[97, 98, 99, 100]. To achieve this, we probe the charge and magnetic scattering with

linearly polarized x-rays at the Co L3 resonance edge in a transmission geometry

as illustrated in Figure 4.2. As explained earlier in Chapter 3, the linearly polar-

ized x-rays can be expressed in the circular basis as an equal superposition of left

and right circularly polarized waves. The magnetic scattering contrast results from

the x-ray magnetic circular dichroism (XMCD) effect, while the charge contrast re-

sults from elemental absorption. The resulting diffraction pattern is simply the linear

combination of pure magnetic and pure charge scattering terms. By taking another

diffraction pattern off resonance, we can normalize out the non-resonant charge scat-

tering contributions to yield only the Co charge and magnetic correlation lengths.

The SAXS measurements are also compared with TEM and minor hysteresis loop

analysis [92]. While structural grain sizes and grain size distributions are in good

quantitative agreement between TEM and SAXS, minor hysteresis loop analysis re-

vealed systematically larger magnetic cluster sizes than SAXS. For GRL only samples,

minor hysteresis loop analysis produces a cluster size that is by a factor of 1.48 larger

than that extracted from SAXS, while for the full media structure (GRL+MCL) this

factor is reduced to 1.26. However, relative trends between media samples are very

reproducible. Again, the quantitative disagreement in cluster sizes is expected as the

minor loop technique extracts the magnetic cluster size by comparing two different

magnetic configurations from minor/major hysteresis loop analysis based on a set of

simplifying assumptions about demagnetization fields [92], rather than measuring the

actual cluster size in an AC demagnetized state.

Figure 4.2 shows the setup for the SAXS measurements taken at beamline 13.3 at
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Figure 4.2: Experimental setup with CCD distances at 80, 255, and 430 mm from
the sample. At the nearest distance, the CCD is off set to the upper left corner with
respect to the incoming beam in order to access the higher angles.

SSRL. The incident linearly polarized x-rays are tuned to the Co L3 edge at 778.8 eV

and to off resonance at 758.8 eV. Please refer to Figure 3.4 for the Co x-ray absorp-

tion spectrum. The beam probe size FWHM is 220 × 70 µm. The out of plane AC

demagnetized media samples deposited on Si3N4 membrane substrates have random

distributions of magnetic clusters with antiparallel, out of plane magnetization. De-

magnetization is performed by reducing the amplitude of an external magnetic field

aligned normal to the sample surface from an initial 15 kOe down to 10 Oe in 0.1%

steps, while switching the field polarity back and forth between positive and negative

at about 0.5 Hz. The accumulation time for each image is approximately 10 minutes.

Due to the limited size of the charge-coupled device (CCD) and loss of data from the

beamstop, images are taken at three distances and then stitched together in order to

extend the Q vector from 1.1 to 0.012 nm−1, which corresponds to 5.67 to 530 nm in

real space.
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4.3 Experimental Data

Although the SAXS measurements are performed in frequency space, the close-

packed, granular nature of the samples with thin boundaries and isotropic shapes

ensures that the average correlation lengths are well matched to the average grain

sizes. The same can be expected for the magnetic structures produced by AC demag-

netization [97, 98].

O
n resonance 

O
ff resonance 

Outer ring:

Structural grains

Inner ring:

Magnetic clusters

14

11

Figure 4.3: A comparison of resonant and non-resonant scattering showing the charge
scattering ring corresponding to structural grains and the magnetic scattering ring
corresponding to magnetic clusters. There is no inner magnetic scattering visible off
resonance. The color bar represents the scattering intensity in logarithmic scale.

As shown in Figure 4.3, the inner on-resonance scattering ring originates from

the Co magnetic scattering and indicates the magnetic correlation length. Since the
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magnetic structure on top of the charge contrast is binary, consisting of alternating up

and down clusters, the magnetic correlation length corresponds to twice the average

magnetic cluster size. The outer ring is dominated by the charge scattering intensity

that indicates the charge correlation length corresponding to average structural grain

size. This term has both the resonant Co charge scattering intensity and the total

non-resonant charge scattering intensity from all existing elements that contribute to

the grain structure (GRL and granular Ru layer). Due to the highly segregated nature

of the PMR media samples with columnar grains extending through most of the Ru

layer as well, the non-resonant charge scattering is relatively strong and visible even

in the off-resonance image. Naturally, the inner magnetic scattering ring is absent in

the off-resonance image. The scattering intensity is angularly integrated against Q to

produce the most probable (peak) structural and magnetic correlation lengths. The

respective distributions, defined as the ratio of the standard deviation over mean, are

then found by fitting the profiles with log-normal distributions.

4.4 Evolution of PMR Media

In Figure 4.4 we show the SAXS results of the GRL only and the full media structure

(GRL+MCL) for four different generations of PMR media covering roughly the time

frame from 2007 (Gen1 at about 150 Gb/in2 density) through 2012 (Gen4 about 700

Gb/in2 density). The corresponding extracted structural grain and magnetic cluster

parameters are listed in Table 4.1 and plotted versus media generations in Figure 4.5.
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Figure 4.4: a SAXS profiles for the GRL layer of 4 different generations of PMR
recording media from 2007-2012 (Gen1-Gen4). b Corresponding profiles from the full
media structures (GRL+MCL). SAXS features from the structural grains are visible
at periods of around 8-10 nm, while SAXS features representing magnetic correlations
or the magnetic cluster sizes are visible at periods of 20-100 nm. The intensities are
shifted for better comparison.

Table 4.1: Grain sizes/magnetic cluster sizes and distributions of different PMR media
generations.

Magnetic generation/type Gen1 Gen2 Gen3 Gen4

MCL + GRL Grain size (nm) 8.8 8.6 8.8 8.1
GS distribution (%) 57.1 33.8 26.7 26.3
Cluster size (nm) 38.8 30.0 27.1 18.9
CS distribution (%) 31.4 31.6 25.8 32.6
Grains per cluster 19.4 12.2 9.5 5.4

GRL only Grain size (nm) 8.7 8.5 8.8 8.1
GS distribution (%) 54.2 35.0 25.9 26.7
Cluster size (nm) 24.1 15.6 10.1 10.4
CS distribution (%) 64.3 64.0 35.0 42.1
Grains per cluster 7.7 3.4 1.3 1.6



CHAPTER 4. CHARACTERIZATION OF PMR MEDIA 49

MCL 

Ru

MCL 

Ru

MCL 

Ru

MCL 

Ru

GRL GRL GRL GRL

(reduced exchange)

(d) Gen 1 Gen 2 Gen 3 Gen 4

40

50

60

S
iz

e
 d

is
tr

ib
u

ti
o

n
 (

%
)

Media generation

1 2 3 4

MCL + GRL / GRL only

/

/

Struct. grain

Mag. cluster

40

30

20

10

S
iz

e
 (

n
m

)
Add MCL

MCL + GRL / GRL only

/

/

Struct. grain

Mag. cluster

(b)

(a)

Add MCL
30

Figure 4.5: a Average media grain sizes and magnetic cluster sizes as evolved over
time from Gen1 to Gen4 for GRL only and full media samples. b Media grain size
and cluster size distributions as evolved over time from Gen1 to Gen4 for GRL only
and full media samples. c Illustration of simplified media layers and the lateral
microstructure as evolved over time from Gen1 to Gen4. From Gen1 to Gen3, the
grain boundary phase in the GRL becomes more effective in magnetically decoupling
the grains from each other. With Gen4 media, the only way to reduce lateral exchange
further is via the MCL.
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From the data, we observe that the grain sizes has remained more or less constant

at 8-9 nm with the latest generation being closer to 8 nm. We obtain the grain size

values for the GRL only and full media samples, since the continuous MCL itself

does not add any significant structural scattering at the grain size level. A key devel-

opment seen in the data is the continuous tightening of the grain size distributions

over time (from Gen1 to Gen4) from the initial 57% down to about 26%. For the

magnetic cluster sizes of the full media structures, we observe a continuous shift to

smaller values, from the initial 38.8 nm down to 18.9 nm, showing increasing areal

density. While the SAXS of the GRL only samples shows a similar development to

smaller magnetic cluster sizes for the first three media generations, the most recent

Gen4 media does not reduce the magnetic cluster sizes in the GRL any further. This

reveals that changes in the MCL have been driving the latest reduction in magnetic

cluster sizes. Cluster sizes of the GRL have already reached the minimum possible

value (slightly larger than the grain size) for the Gen3 media, which represents com-

plete magnetic decoupling between the structural grains in a Voronoi type of grain

arrangement [101]. Further reduction of intergranular exchange in the GRL is not

possible and the only way to obtain an additional reduction in magnetic cluster sizes

for the full media system is by decreasing the lateral exchange within the MCL. The

cartoon series in Figure 4.5c shows a schematic representation of the changes over the

four generations.

However a reduced lateral exchange in the MCL will in turn weaken the exchange

averaging effect that is responsible for creating a tight distribution of magnetic cluster

sizes. As a result, we observe an opposite trend towards a larger cluster size distribu-

tions in the most recent Gen4 media. The effect of further reduced magnetic cluster

sizes at the expense of a slight increase in the cluster size distributions is illustrated

in Figure 4.5 by comparing the changes in magnetic cluster sizes and magnetic cluster

size distributions when the MCL is added to the GRL.

Further improvements in areal density may be achieved by reducing the grain sizes

in the GRL in order to decrease the magnetic cluster sizes.
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4.5 Scaling Current Generation PMR Media

We have seen in the previous section that, by reducing the lateral exchange in the

MCL, magnetic cluster sizes can be reduced at the cost of increasing the distributions.

Reducing the structural grain sizes can be a way to achieve smaller magnetic cluster

sizes without sacrificing magnetic cluster size distributions. With the MCL unchanged

as compare to the Gen4 sample, we now study the effects of reducing the grain sizes

in the GRL. A sample series is grown with five different targeted GRL grain sizes of

9.5, 9.0, 8.0, 7.5, and 7.0 nm. Similar to before, two sets of samples of GRL only and

a full media system (GRL+MCL) are measured. In addition to this series, two other

series are obtained under the same set of growth conditions and target grain sizes but

with increased and decreased amounts of intergranular exchange in the GRL. The

three series are referred to as high exchange (HE), medium exchange (ME) and low

exchange (LE) respectively. The ME series is based on the Gen4 sample shown in

the previous section. Table 4.2 contains the extracted SAXS data from the ME series

and Figure 4.6 shows the plotted data.

Table 4.2: Grain sizes/magnetic cluster sizes and distributions of medium intergran-
ular exchange (ME) samples of different targeted grain sizes.

Targeted grain size (nm)/type 9.5 9.0 8.0 7.5 7.0

MCL + GRL Grain size (nm) 8.5 8.1 7.4 7.2 7.3
GS distribution (%) 25.6 23.4 24.3 25.2 30.9
Cluster size (nm) 19.0 18.9 19.6 19.8 21.8
CS distribution (%) 33.6 31.7 30.4 29.8 36.2
Grains per cluster 5.0 5.4 7.0 7.5 8.9

GRL only Grain size (nm) 8.0 8.1 7.6 7.3 7.1
GS distribution (%) 23.7 23.5 24.0 24.3 28.6
Cluster size (nm) 11.2 10.5 11.7 11.2 13.9
CS distribution (%) 43.5 41.4 46.4 45.9 49.4
Grains per cluster 2.0 1.7 2.4 2.4 3.8
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Figure 4.6: Data for the ME series. a Average media grain sizes and magnetic cluster
sizes for GRL only and full media samples. b Media grain size and magnetic cluster
size distributions for GRL only and full media samples.

It is important to bear in mind that while the grain sizes are tuned by the al-

teration of the underlayer structures, grains sizes may not be the only effect of the

altered growth conditions. Therefore, it is better to compare the grain/magnetic clus-

ter sizes and their distributions based on the sets of growth conditions rather than

the actual achieved grain sizes. Figure 4.6 shows that while the actual GRL grain

sizes are different from the targeted sizes due to sample growth uncertainties, the
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desired trend in decreasing grain sizes is achieved with the largest size at 8.5 nm and

the smallest at 7.1 nm. Coupled with the decrease in grain sizes is an increase in the

grain size distributions, indicating the difficulty in achieving uniformity with smaller

grain sizes. Contrary to what is expected, the magnetic cluster sizes are also inversely

dependent on the grain sizes. Correspondingly, there is an increase in the magnetic

cluster size distributions. This undesired effect is caused by a higher intergranular

exchange coupling due to the thinner non-magnetic decoupling grain boundaries. As

the grains sizes decrease, a net increase in intergranular exchange occurs and the

grains can no longer be considered to be completely decoupled. In addition, uneven

grain boundaries may even cause the formation of conjoined grains with very little or

no boundaries, contributing to higher grain size distributions. This would naturally

cause a corresponding increase in the distribution of magnetic cluster sizes. The ex-

change averaging effect of the MCL in the full media samples somewhat masks this

effect until the distributions in the GRL becomes too large, causing a minima in the

magnetic cluster size distributions in the full media samples.

We then examine the LE and HE series of samples which has lower and higher

amounts of intergranular exchange respectively. It is expected that the above observed

effects will be enhanced in the HE series and suppressed in the LE series. Table 4.3

contains the extracted SAXS data from the HE and LE series and the data is plotted

in Figure 4.7
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Table 4.3: Grain sizes/magnetic cluster sizes and distributions of high and low inter-
granular exchange (HE and LE) samples of different targeted grain sizes.

High exchange sample series

Targeted grain size from large to small 9.5 9.0 8.0 7.5 7.0

MCL + GRL Grain size (nm) 8.5 8.5 8.1 7.2 7.6
GS distribution (%) 23.6 23.5 23.9 25.1 31.5
Cluster size (nm) 17.7 18.7 19.4 22.9 24.2
CS distribution (%) 34.4 32.0 32.0 33.6 41.7
Grains per cluster 4.3 4.8 5.7 10.1 12.1

GRL only Grain size (nm) 8.5 8.0 8.2 6.8 7.0
GS distribution (%) 22.5 22.3 23.0 26.5 29.6
Cluster size (nm) 10.5 10.7 10.8 18.8 20.2
CS distribution (%) 42.1 44.9 44.5 52.5 53.5
Grains per cluster 1.5 1.8 1.7 7.8 8.3

Low exchange sample series

Targeted grain size (nm)/type 9.5 9.0 8.0 7.5 7.0

MCL + GRL Grain size (nm) 8.4 7.9 7.8 6.9 6.7
GS distribution (%) 25.2 23.9 24.8 26.0 30.5
Cluster size (nm) 18.0 18.7 18.8 19.3 20.6
CS distribution (%) 34.6 32.0 31.7 30.5 33.9
Grains per cluster 4.6 5.6 5.8 7.8 9.5

GRL only Grain size (nm) 8.0 8.2 7.7 7.1 7.2
GS distribution (%) 25.5 23.0 24.0 24.2 27.1
Cluster size (nm) 12.1 9.9 10.1 10.1 12.3
CS distribution (%) 45.6 40.7 41.7 44.6 50.7
Grains per cluster 1.5 1.8 1.7 7.8 8.3
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Figure 4.7: Data for the LE and HE series. a and c Average media grain sizes and
magnetic cluster sizes for GRL only and full media samples. b and d Media grain
size and magnetic cluster size distributions for GRL only and full media samples. e
Illustration of simplified media layers and the lateral microstructure. As the structure
scales towards smaller grains, the grain boundaries also become thinner, increasing
intergranular exchange and causing larger magnetic clusters. To deal with this effect,
more decoupling is needed.

Figure 4.7 shows the results, which are consistent with expectations. In the HE

series, the observed increase in magnetic cluster sizes and distributions is much larger.

There is a drastic jump in the GRL only magnetic cluster sizes when grain sizes
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drops below 8 nm. Again, the MCL reduces this effect to some extend but the final

magnetic cluster sizes are still larger compared to the ME series. The minima in the

full media sample magnetic cluster size distribution is also pushed towards a higher

grain size. These are consistent with higher intergranular exchange in the GRL. For

the LE series, although a similar effect of increasing magnetic clusters sizes with

decreasing grains sizes is seen, the magnetic cluster sizes, whether in GRL only or the

full media samples, are reduced compared to the ME series. This indicates that the

lower intergranular exchange can suppress the undesired effect while decreasing the

grain sizes. Although samples with larger grain sizes are not examined in this study,

it is expected that they will have higher magnetic cluster sizes with increasing grain

sizes. What is observed here may be close to a pivot point in the relationship between

magnetic cluster sizes and structural grain sizes. Even though this study does not

prove that smaller magnetic cluster sizes can be achieved with smaller grains, we do

see a decreasing magnetic cluster size distributions until the grain sizes reach 7 nm

in the LE series. Similar to before, this is a trade off between magnetic cluster sizes

and distributions, which may provide some opportunities for higher densities. Finally,

further optimization through various other parameters may be needed to demonstrate

actual beneficial effects of grain size scaling.



CHAPTER 4. CHARACTERIZATION OF PMR MEDIA 57

4.6 Summary and Outlook

In conclusion we have shown that, based on the simplified media structure consid-

ered here and the fact that the grain size has been more or less constant at a level

of 8-9 nm over recent PMR media generations, additional media areal density gain

originates from magnetic cluster size reduction, while keeping magnetic cluster size

distributions at the same level of about 30%. We also illustrate the difficultly in going

into smaller media grains and the need for fine tuning of the intergranular exchange.

In the current sample system, introducing increasing amounts of oxide segregants to

maintain decoupling may cause other problems. The thicker grain boundaries relative

to grain sizes means that there is a lower filling ratio of magnetic material and this

also may result in irregular granular structure and higher grain size distributions.

While there is room for further improvement in grain size, it may not be much before

the superparamagnetic effect sets in at around 6 nm for CoCrPt [35]. It is indeed

very difficult to achieve areal densities significantly beyond 1Tb/in2 within the current

PMR paradigm. This is the exact reason for development of newer technologies such

as Heat Assisted Magnetic Recording (HAMR) or Bit Patterned Recording (BPR).

Such HAMR and BPR technologies are again, very dependent on the granular or

patterned structure. Naturally, a different set of challenges exist. For HAMR, con-

trolling the high temperature growth of ordered FePt grains remains a challenge [35].

In addition, the precise parameters of the laser heating and subsequent cooling, which

determines the writing process, still need detailed studies and experimentation. As

for BPR, the major difficulty lies in a cost effective fabrication process to imprint

trillions of individual bits that are accurate aligned around the disk with nanometer

precision and a very low defect density [102]. The filling of the empty spaces around

the bits will also play a role in the stability of the read write head motion, which

occurs only a few nanometers above the media surface. The future may very well be

a combination of these two technologies. Such prospects are exciting and challenging

at the same time.

Meanwhile, resonant soft x-ray magnetic scattering proves to be a very powerful

technique in the continued development of advanced PMR media systems. More
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importantly, the above shown SAXS technique is very applicable for HAMR and

BPR media studies. The winning advantage still lies in the ability to simultaneously

measure both the structure and magnetic critical dimensions. Another idea is to

use time-resolved SAXS in a pump-probe setup to study FePt media for HAMR

applications. Since a laser is used to heat up the sample so that it can be switched,

time-resolved SAXS can reveal the magnetization dynamics in these samples during

the heating and cooling process. The capability to perform time-resolved scattering

experiments on magnetic samples has already been demonstrated and this is a very

promising technique [79, 103, 104].

While resonant soft x-ray magnetic scattering can be very useful for the contin-

ued improvement of current generation magnetic media and the development of next

generation technologies, the statistically averaged information it yields can be a short-

coming. In Chapter 5, we discuss how to extend resonant soft x-rays scattering into

the real space imaging of magnetic structures.



Chapter 5

Lensless X-ray Holographic

Imaging

As shown in the previous two Chapters, resonant soft x-ray magnetic scattering is

a powerful technique that can measure the correlation lengths of both charge and

magnetic ordering in a sample. However, the correlation length measured through

scattering is a statistically averaged quantity over the illuminated sample area. It may

not be intuitive to relate this average correlation length to a real space distribution.

Modeling is required and a unique solution can be hard to acquire. Furthermore,

if one desires to image and study dynamics of individual domains, resonant x-ray

scattering is unsuitable. Real space imaging of the sample is needed.

Conventional and scanning real space imaging techniques with high resolution

suffer from a crucial lack of time resolution. This is where the advantages of x-

ray based techniques become evident. The scanning transmission x-ray microscope

(STXM) and transmission x-ray microscope (TXM) are excellent examples and have

been used in a variety of experiments such as studying spin vortex dynamics [105,

106, 107, 108]. Such microscopes use zone plates to produce tightly focused x-ray

beams which are sent through the sample. A detector can then measure a variety

of parameters such as transmission intensity, total electron yield, fluorescence, or

another zone plate can be used to obtain a sample image. However, such zone-plates

are incompatible with high brilliance and ultrafast x-ray free electron (XFEL) sources

59
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due to radiation damage and relative scarcity. In addition, single shot imaging is not

possible with scanning techniques.

Here we review the lensless x-ray imaging approach that is based on scattering

and is compatible with single shot magnetic imaging. As shown in Chapter 3, under

coherent illumination of x-rays, the diffraction pattern collected in the far field can be

approximated as the Fourier transform of the transmission profile. Intuitively, one can

try to reconstruct this transmission profile from the diffraction pattern alone. This

reconstruction, however, is not straight forward because a detector only measures

the intensity but not the phase of the wave fields. As shown in Figure 5.1 with a

simulated magnetic domain structure, an inverse Fourier transform of the diffraction

pattern intensity yields only the autocorrelation of the transmission profile with itself.

(a) (c)

(b) Di�raction pattern

Transmission pro!le Reconstruction

Fourier 

transform

Inverse 

Fourier 

transform

s(x,y)
s  x  s*

Figure 5.1: a A simulated sample transmission profile defined by s(x, y). Blue and
green regions are magnetic domains that are pointing in opposite, out of plane di-
rections. b The simulated diffraction pattern showing distinct speckles. c Inverse
Fourier transform of the diffraction pattern yields the autocorrelation of the sample
profile.
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With the transmission profile of a coherently illuminated sample defined asEt(x, y):

Et(x, y) = Eits(x, y) = s(x, y) (5.1)

The electric field in the far field is a Fourier transform of Et(x, y):

Ed(X, Y ) = F{Et(x, y)} = S(X, Y ) (5.2)

The detector records the intensity which is:

Id(X, Y ) = |S|2 (5.3)

An inverse Fourier transform of the recorded pattern produces the autocorrelation of

the transmission profile:

F
−1{Id(X, Y )} = F{|S|2} = s⊗ s∗ (5.4)

This is the well know “phase problem” in lensless imaging. The straight forward

solution is to use various phase retrieval algorithms. Phase retrieval tries to identify

the lost phase information by various iterative, error-reduction algorithms combined

with restraints and boundary conditions [10, 109]. This computational approach can

take thousands of iterations to converge. While there is no inherent resolution limit

other than the x-ray wavelength, iterative phase retrieval requires good statistics, is

relatively slow, and can have convergence problems. Another more robust approach

is by utilizing Fourier transform holography (FTH) [12, 110]. Not only does FTH

have a simpler one-step processing reconstruction, it can also be used in conjunction

with traditional phase retrieval by providing a close-to-solution starting pointing. In

most cases, FTH alone is able to provide the necessary resolution.
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5.1 Fourier Transform Holography

The essence of FTH involves the encoding of the phase information into the intensity

of the diffracted wave fields. This is done by introducing a reference scatterer, from

which, the diffracted wave will interference with the object diffraction to form the

recorded diffraction pattern. As shown in Figure 5.2, an inverse Fourier transform in

this case will produce an autocorrelation image and a pair of cross correlation images.

(a) (c)

(b) Di�raction pattern
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Figure 5.2: a A simulated sample transmission profile defined by s(x, y) and with
a reference hole, r(x, y). b In this case, clear interference fringes are visible across
the diffraction pattern due to scattering from the reference hole. c Inverse Fourier
transform of the diffraction pattern yields the autocorrelation of the sample and
reference, and also a pair of cross correlations. The cross correlation image is the
sample transmission convolved with the reference hole transmission.

Let us consider the same sample transmission profile with a reference object:

Et(x, y) = Ei(ts(x, y) + tr(x, y)) = s(x, y) + r(x, y) (5.5)
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The electric field in the far field is a Fourier transform of Et(x, y):

Ed(X, Y ) = F{Et(x, y)} = S(X, Y ) +R(X, Y ) (5.6)

The detector records the intensity which is:

Id(X, Y ) = |S +R|2

= SS∗ + SR∗ +RS∗ +RR∗

= |S|2 + |R|2 + SR∗ +RS∗

An inverse Fourier transform of the recorded pattern produces the autocorrelation of

the transmission profile:

F
−1{Id(X, Y )} = F{|S|2 + |R|2 + SR∗ +RS∗}

= s⊗ s∗ + r ⊗ r∗ + s⊗ r∗ + r ⊗ s∗

The first two terms here are the familiar autocorrelations of the sample and ref-

erence respectively. The latter two terms are a conjugate pair of cross correlations

between the sample and reference. If the reference is a delta function, then the cross

correlation is simply the original sample transmission profile. However, the finite

sizes of fabricated reference holes will limit the imaging resolution. Typically, refer-

ence holes are made by focused ion beam (FIB) milling. Depending on the instrument

conditions and the uniformity of the sample, references holes can be fabricated reli-

ably and repeatedly to a size of about 30-40 nm. The development of higher resolution

helium ion microscopes promises to extend this limit further. While in theory, smaller

reference holes corresponds to higher resolution, in practice there are other factors

for consideration. For example, smaller references mean that there are less pho-

tons scattered by the references, and this corresponds to longer accumulation times

in order to obtain good statistics. Nevertheless, FTH and its variations have been

demonstrated with high resolution, magnetic sensitivity, and are robust and efficient

methods for real space imaging with resonant x-rays [12, 111, 112, 113, 114, 115, 116].
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A good progression of the development of FTH techniques can be seen in a sequence

of dissertations by Stöhr group students [117, 118, 119].

Another simple way to improve the quality and the signal to noise ratio (SNR)

of the reconstructed images is to use multiple references in a spatial multiplexing

approach [120]. As shown in Figure 5.3, each reference hole will produce a pair of

conjugate cross correlations. As long as the references are strategically placed so that

the cross correlations do not overlap each other, the individual reconstructions can

be averaged to increase SNR.

(a) (b)Transmission pro�le Reconstruction

Figure 5.3: a A simulated sample transmission profile and with five reference holes.
b The reconstruction showing five pairs of cross correlations. Care must be taken to
ensure the cross correlations do not overlap.
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5.2 Holography with Extended References

Another recently demonstrated variation of FTH promises an imaging resolution ap-

proaching 15 nm. This is essential for high resolution magnetic imaging of structures

approaching the size of magnetic recording bits in the tens of nanometers. In this

approach, termed holography with extended reference by autocorrelation linear dif-

ferential operation (HERALDO), a sharp feature or an edge is used instead of a hole

as the reference scatterer [13, 121]. Therefore, the resolution is determined by the

derivative of the edge response and an infinitely sharp edge would have a delta func-

tion derivative resulting in perfect reconstructions. In this case, we can say that the

reconstructed image is differentially encoded into the diffraction pattern.

As an illustration, with the transmission profile of a coherently illuminated sample

defined as Et(x, y):

Et(x, y) = Ei(ts(x, y) + tr(x, y)) = s(x, y) + r(x, y) (5.7)

where r(x,y) has the property:

L
(n){r(x, y)} =

∑
i

Aiδ(x− xi, y − yi) (5.8)

and L (n) represents a n-th order linear differential operator. By applying the linear

differential operator L (n) to the inverse Fourier transform of the recorded pattern,

the following is derived:

L
(n){s⊗ s∗ + r ⊗ r∗ + s⊗ r∗ + r ⊗ s∗} = L

(n){s⊗ s∗ + r ⊗ r∗}

+(−1)nAs(x+ xi, y + yi)⊗
∑
i

δ∗(x, y)

+As∗(x− xi, y − yi)⊗
∑
i

δ(x, y)

(5.9)

where the following identity is used:

L
(n){h⊗ g} = (−1)n[h⊗ L

(n){g}] = L
(n){h} ⊗ g (5.10)
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Figure 5.4: a A simulated sample transmission profile and with a reference slit. b
In this case, the vertical slit contributes to the strong horizontal scattering in the
diffraction pattern. c The diffraction pattern is then multiplied with a pre-Fourier
transform linear filter that serves as the linear differential operator. The filter simply
varies from 1 to -1 in the vertical direction. d The reconstruction showing two pairs
of two images. Each end of the slit behaves like a reference point and they generate
images of opposite contrast.

The last two terms, (−1)nAs(x + xi, y + yi) ⊗
∑
i

δ∗(x, y) and As∗(x − xi, y − yi) ⊗∑
i

δ(x, y) are the pair of conjugate reconstructed images. HERALDO requires an

additional processing step in the application of a linear differential operator for image

reconstructions. For a more detailed treatment please refer to the following [13, 121].

If a slit-like reference structure is used, the edge sharpness define the resolution along

the slit direction while the width of the slit defines the resolution perpendicular to the

slit. The slit gives two delta-like functions upon applying a derivative, one at each

end and of opposite signs, and these give two pairs of two reconstructions as shown

in Figure 5.4.
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5.3 Holography Sample Structure

Figure 5.5 is a cross section schematic of a typical holography sample. Magnetic thin

film samples are deposited on the front side of a Si3N4 membrane with a Si support

frame. A thick layer of x-ray opaque Au about 1 µm thick is sputter deposited

on the back side. Next, the field-of-view (FOV) imaging window is defined by FIB

milling through the Au layer and the references are milled through the entire sample

thickness. We use the FEI Strata 235DB dual-beam FIB/SEM and the FEI Helios

NanoLab 600i DualBeam FIB/SEM systems with 10-30 pA Ga ion beams to fabricate

the structures.

Si
3
N

4

Thick Au

Perpendicular 

magnetic film

Imaging window Reference 

Figure 5.5: The cross section schematic of a FTH sample showing the different layers.
The imaging window and reference is fabricated by FIB milling.

FTH using HERALDO provides significant resolution improvement over plain

FTH because it is easier to fabricate a 2-dimensional extended reference with a sharp

feature or edge than a small 1-dimensional hole. For comparison, references holes can

be repeatably fabricated at a size of 30-40 nm, whereas reference slits can be repeat-

ably fabricated with widths of 20 nm. Both traditional FTH and HERALDO are

utilized for the imaging experiments in the subsequent two chapters. HERALDO is

used for the first of the two experiments, where high resolution is needed to resolve the

nanometer sized, all optically switched magnetic domains. In the second experiment

demonstrating single shot magnetic imaging, traditional FTH is used with multiple

references to increase SNR.



Chapter 6

All Optical Magnetic Switching

Following the introduction of how lensless x-ray holographic imaging by Fourier trans-

form holography (FTH) can be used in magnetic imaging in Chapters 3 and 5, we

now apply this technique in the study of plasmon-mediated nanoscale all optical

magnetic switching (AOS) in a TbFeCo alloy. AOS is an exciting example of novel

non-equilibrium spin dynamics initiated by laser excitations [25, 60, 61]. While con-

ventional methods of spin reversal are driven by external fields or the application of

spin-polarized currents, AOS is a threshold effect driven purely by light intensities

[69]. Furthermore, while traditional spin reversal processes occur at a time scale of

hundreds of picoseconds to a few nanosecond, the AOS process has a characteristic

time scale in the tens of picoseconds. Interestingly, a recent study have also un-

veiled the possibility of nanoscale microstructures mediating the non-local transfer of

angular momentum as an important mechanism [79].

Experimentally, there is a long-term interest in being able to image the AOS pro-

cess in an ultrafast, time-resolved manner. Lensless x-ray magnetic imaging with its

magnetic sensitivity, depth penetration, high resolution, and ultrafast compatibility,

is the ideal technique to take on this challenge. Of particular importance here is the

elemental selectivity of x-rays. As mentioned earlier in Chapter 2, it is known that

the rare earths (RE) and transition metals (TM) sub-lattices reacts at different time

scales [77], and the ability to separately resolve the dynamics of the two sub-lattices

is crucial. While AOS has captured imaginations with a tantalizing array of possible

68
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applications ranging from magnetic media storage to logic applications, there remains

a wealth of questions to be answered.

Despite being enthusiastically suggested as a potential future generation stor-

age technology offering faster switching speeds and other advantages, AOS materials

have mostly displayed macroscopic switching behavior. The switched domains are

micrometer sized and orders of magnitude larger than conventional storage bits in

perpendicular magnetic recording (PMR) media shown in Chapter 4. In order for

AOS to become a realistic candidate for future information storage technology, con-

trollable, reversible, and nanometer scale switching must be shown. This forms the

fundamental motivation for the following study.

While most of the research in AOS are conducted on the GdFeCo alloy system,

there still remains a large materials parameter space for exploration. Recently, our

collaborators in the Rasing group demonstrated fluence dependent AOS in a TbFeCo

system as shown in Figure 6.1 [80]. The switched TbFeCo magnetic domains have di-

ameters ranging from a few micrometers to about 250 nm. With the higher anisotropy

Tb in place of Gd, TbFeCo can sustain smaller meta-stable domain sizes than the

similar GdFeCo system. TbFeCo also has a coercivity of above 1 T and is better

suited for possible magnetic recording purposes.

In order to demonstrate nanoscale AOS in TbFeCo, we have to confine the switch-

ing area. This can be done by the use of Au dipole nanoantennas [122, 123, 124, 125]

to define the area reaching the switching threshold. Such confinement is achieved by

utilizing plasmonic resonance modes in the Au dipole antennas to produce localized

hot spots of field enhancements. By careful designing the dipole antenna geometry, we

can selectively switch areas on the TbFeCo alloy. For practical application in actual

magnetic recording on a media platter, such integrated dipole antennas would be re-

placed with a near field transducer in lieu of the traditional magnetic field-generating

write head. This concept of light delivery by nanoscale localized optical excitation is

already being developed as part of the next generation heat assisted magnetic record-

ing (HAMR) technology [62, 63]. An AOS approach would simply mean that the laser

pulse is used for switching, instead of just softening the magnetization for a magnetic

field to switch the domain.
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∆E

Figure 6.1: The size dependence of AOS TbFeCo magnetic domains on fluence, image
from [80]. While the variety of switched domain structures is a separate topic on itself,
we are concerned with minimizing the physical dimensions of the switched domains.
The added red arrow indicates our targeted AOS domain size of 50 nm, which would
be comparable to the state of the art PMR media bit sizes.

Our proposed experiment poses some unique challenges. First, the target switched

magnetic domain sizes will be small, at 50 nm in diameter, and this is requires high

resolution. Parts of the switched domains can also lie underneath the Au dipole an-

tennas, making surface sensitive techniques useless. In this proof-of-principle study,

we use Fourier transform holography (FTH) with extended reference by autocorrela-

tion linear differential operation (HERALDO) to image the switching of nanometer

sized magnetic domains in TbFeCo in a controlled and reversible manner, with the as-

sistance of Au plasmonic dipole antennas. Figure 6.2 illustrates the main components

of this experiment. The first is the focusing effect of the Au dipole antennas. The

second is the AOS process in the TbFeCo thin film at areas where the enhanced field

intensities exceed the switching threshold. The last part is the imaging of the switched
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domains. We demonstrate the feasibility of this approach and successfully switched

magnetic domains of about 40 nm FWHM in diameter. We also show reversible

switching behavior. Finally, it is important to emphasize the pioneering nature of

this experiment and highlight the need and opportunities for follow-up experiments.

1. Plasmonic dipole

antennas focuse light

2. All optical magnetic 

switching in TbFeCo 

3. Magnetic imaging

Figure 6.2: Illustration of the three main experimental components. Au dipole an-
tennas on the sample surface focus the light by the excitation of plasmonic resonance
coupling modes between the two antenna arms. In areas where the field intensity
exceeds the AOS switching threshold, nanoscale magnetic domains will switch from
up magnetization (green) to down (blue). The switched magnetic domains are then
imaged by the high resolution HERALDO technique. The hot spot shown here is a
representation of the focusing effect. Simulated plasmonic enhancements based on
actual dipole geometries will be shown in later sections.

This experiment is a collaboration between the Stöhr/Dürr group at Stanford/SLAC,

the Rasing group at Radboud University of Nijmegen, the Hecht group at University

of Würzberg, and the Tsukamoto group at Nihon Univeristy. The Tsukamoto group

deposited the TbFeCo sample, the Hecht group fabricated the Au dipole antennas,

and the Rasing group worked on the antenna simulations and participated in the

actual experiments.
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6.1 TbFeCo Sample

The sample has a nominal concentration of Tb16Fe73.5Co10.5 and is sputter deposited

on a 100 nm thick Si3N4 substrate and then capped with 5 nm of Si3N4. Although the

system is thought to be a uniformly amorphous alloy, nanoscale chemical segregation

on the order of 10 nm exists. This was first revealed in a similar GdFeCo system [79]

and subsequently confirmed in our TbFeCo sample. It remains to be seen if there is

a common feature in the deposition of such amorphous ferrimagnetic systems.

This nanoscale inhomogeneity is imaged in real space with an energy disper-

sive spectrometry (EDAX) detector in scanning transmission electron microscopy

(STEM) mode, as shown in Figure 6.3. There are clear Tb-rich and Fe-rich re-

gions which are anticorrelated with each other. The measured average concentration

of Tb16.9Fe71.8Co11.3 agrees reasonably well with the expected values. The STEM-

EDAX and AOS switching TbFeCo samples are deposited in the same run but on

different substrates. The TEM Si3N4 substrate is thinner at 20 nm compared to 100

nm for those used in the switching experiment. A FEI Tecnai G2 F20 X-TWIN TEM

with an EDAX SUTW (super ultrathin window) and analyzer is used for elemental

mapping.

From resonant magnetic scattering measurements done on GdFeCo [79], one can

reasonably conclude that the charge and magnetic orderings in TbFeCo are similarly

correlated. It is expected that the variations in the elemental composition of the alloy

will directly influence the local compensation and Curie temperatures of the sample,

and vary the magnetic properties. Correspondingly, the AOS switching threshold will

also be affected. This will prove to be an interest point in considering the imaging

results.
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Figure 6.3: STEM-EDAX elemental mapping of the TbFeCo sample. Darker and
lighter regions represent higher and lower concentrations. Nanoscale inhomogeneity
is present as shown by the Fe-rich and Tb-rich regions which anticorrelate with each
other. No clear correlation is observed between Co and Tb or Fe. Naturally, a change
in Tb concentration will change the local magnetic properties and this will result in
different switching thresholds and behavior for different areas of the sample.
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6.2 Plasmon-mediated Confinement of Light

Plasmonic resonance is the driving mechanism behind the focusing properties of the

Au dipole antennas. When incident light reaches a metal surface, the electric fields

can drive oscillation in the electron cloud. At particular frequencies and metallic

antennas dimension, such oscillations can be coherently and resonantly driven to

produce plasmons. These plasmons can then re-radiate light in near field, resulting

in large localized fields, and produce the desired confinement and focusing effect

[122, 123, 124, 125].

In a dipole antenna structure, such localized enhancements can be further con-

trolled through the hybridization of the plasmonic resonances in each arm, causing

a strong coupling over the antenna gap [126, 127, 128]. Such a coupling mechanism

allows the fine tuning of the eventual enhancement profile over the length of the en-

tire dipole antenna structure by varying the antenna longitudinal length and the gap

distance. In our experimental, we want to observe AOS at and only at where the

dipole antenna enhancement occurs. This allows us to define the desired switching

area and even flip the same domain back and forth with subsequent laser pulses.

Our collaborators in the Rasing and Hecht groups are experts in such plasmonic

nanostructures and they have done the simulation work for this experiment. Figure

6.4 shows a set of Finite Difference Time Domain (FDTD) simulation performed

by Benny Koene in the Rasing group to illustrate the expected field enhancements

given our dipole antenna geometry and a laser wavelength of 1030 nm. The entire

sample structure including the substrate, TbFeCo, capping, and antenna layers is

simulated with known optical constants. Care is also taken to simulate the actual

physical dimensions of the 55 nm thick and 50 nm wide Au antennas, including

rounded edges. A maximum enhancement is found at a total antenna length of 270

nm with a 20 nm gap. This enhancement factor of up 3 compared to areas around the

antennas provides us with enough field intensity differences to selectively switch areas

underneath the hot spots. As one can see, the sizes of the hot spots are about the

width of the antennas and this is expected to define the size of switching domains.

Figures 6.4b-d show the different enhancement profiles and intensities at different
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antenna lengths. Depending on the antenna lengths, there are local maxima at the

ends of and underneath the center of each antenna arm. We also investigated the

effects of the 30 degrees incidence angle of the laser pulses and it is found to produce

no significant asymmetries.
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Figure 6.4: a The cross section FDTD simulation of enhancement effects within the
different layers with a 270 nm total dipole antenna length. There is a thin 5 nm Si3N4

layer between the Au antennas and the TbFeCo sample. The enhancement intensities
plotted here is the field intensity with Au antennas normalized by the case without
Au antennas. However, the more important enhancement factor is the field intensities
of hots spots relative to the field intensities else where around the antenna, where no
switching is desired. The maximum factor is about 3 inside the TbFeCo layer. b-d
Plane view of the middle of the TbFeCo layers with total dipole antenna lengths of
270, 230 and 310 nm.
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6.3 Sample Fabrication and Experimental Setup

In order to produce plasmonic Au antennas of high quality, chemically grown single

crystalline Au flakes are used. The inherent multi-crystallinity of sputter deposited

granular Au results in uneven antenna structures at nanometer dimensions because

the directionality of the grains can influence the milling speed. A cleaner and more

uniform structure can be obtained with single crystals and leads to much improved

antenna performance [129].

b.

c.

d.

e.

f.

a. Au
SiO

2
Au

Coverslip

Mill Au and spin coat PMMA

PMMA

Coverslip

Peel off top layers from coverslip

Etch away Au and SiO2

Transfer onto sample surface

H
2
O

Dissolve PMMA

TbFeCo

Sample

Figure 6.5: The process steps for the fabrication and transfer of the Au dipole anten-
nas onto the sample surface. The antennas are first milled on a separate substrate to
prevent damage to the sample and then transferred onto the actual sample.

The fabrication and transfer of the dipole antennas are performed by Dr. Xiaofei

Wu of the Hecht group. A simplified process flow is shown in Figure 6.5. First, high

quality, single-crystalline Au flakes are grown [130, 131] and transferred onto a glass

substrate for antenna fabrication by focused ion beam (FIB) milling. The antennas

are milled on a different substrate because the FIB milling process is destructive

and injects Ga ions into the material. After the fabrication of the dipole antennas,

they are transferred onto the TbFeCo surface by a type of poly(methyl methacrylate)

(PMMA) mediated printing technique [132].
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Figure 6.6a shows scanning electron microscopy (SEM) images of the milled an-

tennas at three different lengths of 230, 270 and 310 nm. The antennas are of a well

defined shaped and has clear gaps of 20 nm. The antennas are also spaced far apart

to prevent interference effects. It is important to note here the existence of nanometer

sized residual Au particles from the FIB milling process. The cause of these particles

are not yet clear and we hope to eliminate this in future iterations. However, the sizes

of the nanoparticles are not within the resonance range, and therefore, they should

not interfere with the experiment. In fact, as shown later, these nanoparticles are

excellent scatterers and serve as resolution references for HERALDO imaging.

After the antennas are transferred onto the sample surface, holographic structures

are then made. Figure 6.6b shows SEM images of the sample structure. A 2 µm square

field of view (FOV) imaging window and a L shaped reference structure is used.

Building on Chapter 5, the L shaped reference structure has three sharp features

for image reconstruction [13]. Two sharp edges at the end of the slits, one each for

the horizontal and vertical directions, and a corner edge at the elbow of the L. The

corner edge requires the application of a diagonal linear differential operator and the

resolution is dependent on the radius of curvature. The three pairs of images can

be summed to produce the final image. Typically, the corner reconstructions results

in a lower resolution and the images shown later are the average of the horizontal

and vertical reconstructions. For the reconstruction from the horizontal edge, the

horizontal resolution is determined by the sharpness of the edge while the vertical

resolution is determined by the width of the slit. The corresponding is true for the

reconstruction from the vertical edge. Given the size of the FOV and depending on

the accuracy of milling, we can have between 5 to 8 pairs of antennas within the FOV.

Figure 6.7 shows the experimental setup schematic at beamline 13.3 at the Stan-

ford Synchrotron Radiation Lightsource (SSRL) using the resonant coherent imaging

(RCI) chamber. The incident circularly polarized x-rays are tuned to the Fe L3 edge

at 706.8 eV and the beam size FWHM is 220×70 µm. Please refer back to Figure

3.4 for the Fe x-ray absorption spectrum. The samples are initially saturated by a

magnet at 1.6 T to achieve a uniform out of plane magnetization. The laser system

used is a Calmar Laser Cazadero fiber laser with an output wavelength of 1030 nm.
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Figure 6.6: a SEM images of Au dipole antennas showing the high structural quality,
the physical dimensions and a targeted 20 nm gap. b Back and front SEM image of
a sample with an integrated holography mask structure. A zoomed in image shows
the 20 nm wide, L-shaped reference slits.

Laser pulses are S polarized with the electric field along the long axis of the Au dipole

antennas in order to fulfill the plasmonic resonance condition at the given wavelength.

The laser is operated in pulsed mode at 1Hz with 500 fs long pulses. Single pulses

are triggered manually and coupled into the chamber at an angle of 30 degrees. The

diffraction patterns are then collected with an accumulation time of approximately

15 minutes each. A set of images taken with left and right circularly polarized (LCP

and RCP) x-rays are recorded each time. The charge-coupled device (CCD) distance

is 200 mm which corresponds to maximum momentum transfer/Q vector of 0.436
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Figure 6.7: The incident laser is linearly polarized along the antenna long axis, has a
pulse length of 500 fs, and is incident to the sample at 30 degrees. Shown is a typical
speckle pattern. Two set of images taken with left and right circularly polarized x-
rays are collected before and after each laser exposure to look for magnetic domain
switching.

nm−1 or 14.4 nm in real space. Two set of images are taken for each sample before

and after a single pulse laser exposure and a difference image is used to highlight

switched areas. Initially, laser fluences are stepped from high to low on a sacrificial

sample in order to identify the fluence at which a bare sample switches. Once this

threshold is found, the experiment fluence is then stepped down by a factor of 3,

which corresponds to the expected plasmonic enhancement factor.
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6.4 Imaging Results

6.4.1 Imaging Resolution

250 nm

50 nm

HERALDO 

reconstruction

SEM 

Image

Figure 6.8: A comparison of a sample area taken with HERALDO and SEM imaging.
In the HERALDO reconstruction, the antenna structures are well reproduced and
even the residual Au nanoparticles can be seen. The 10-90% resolution is about 17
nm and the 20 nm wide antenna gaps can be resolved clearly.

Due to the small targeted size of switching domains, it is essential to first prove

that the HERALDO technique has the necessary resolution. Figure 6.8 is a compar-

ison between a SEM image and HERALDO reconstructed image of an un-switched

sample area. It shows the excellent imaging capabilities of the technique. The Au

dipole antennas are well resolved and even the nanometer sized residual Au particles

are seen. The 20 nm gap between a set of antennas can also be clearly seen. A 10-90%

line cut across a high contrast antenna edge reveals a distance of 17 nm. The brighter
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streaks along the antenna long axis are reconstruction artifacts due to filtering pro-

cesses. However, as shown in the next section, they can be easily normalized away

during magnetic imaging.

6.4.2 Extracting Magnetic Information

LCP RCP

Sum: 

Charge contrast

Difference: 

Magnetic contrast

Uniformly magnetized sample(a) (b) Sample with domain structure

250 nm

LCP RCP

Sum: 

Charge contrast

Difference: 

Magnetic contrast

Figure 6.9: By taking the sum or difference of two images taken with RCP and
LCP x-rays, the pure charge and magnetic contrasts can be isolated. a A uniformly
magnetized sample showing no magnetic contrast. This represents the initial state of
a magnetic sample. b A different sample with a random domain structure showing a
clean magnetic contrast image. The bright and dark regions are out of plane magnetic
domains pointing in opposite directions.

The transmission profile of the TbFeCo sample is not purely dichroic due to the

presence of high contrast Au structures on top of the magnetic layer. Therefore,

HERALDO imaging is resolving both the charge and magnetic contrasts at the same

time, similar to the concept described in Chapter 3 and 4. In order to isolate both
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the charge and magnetic contrasts, a simple procedure can be used by taking a pair

of images with reversed circular polarization. Images taken with RCP and LCP x-

rays will result in reversed magnetic contrast. A sum of the two images will isolate

the charge contrast while the difference between the two will isolate the magnetic

contrast. Figure 6.9 demonstrates this by imaging the charge and magnetic contrasts

of a uniformly saturated sample and a sample with a random domain structure. As

shown here, the bright streaking artifacts along the antennas long axis are subtracted

out during the processing to obtain the magnetic image. The images shown in the

rest of this chapter are all pure magnetic images.

6.4.3 Switching and Reversibility

Figure 6.10 demonstrates the success of plasmon-mediated nanoscale AOS. Figure

6.10a shows a set of before and after images on a sample. Two switched regions

are seen in the image after laser exposure. It is important to note that the rest of

the sample area displays no switching behavior. Figure 6.10b is the difference image

with the positions of the Au plasmonic dipole antennas outlined for reference. The

two switched regions are indeed underneath two pairs of antennas. This is clear

evidence that plasmon-mediated AOS has occurred only in the regions of localized

enhancement in the vicinity of the antennas. For the top antenna pair, the magnetic

domain switched underneath the far end of one antenna arm. For the bottom antenna

pair, two discrete switched domains are located very close to each other with one

located right in the middle of the antenna gap. The sizes of the switched domains

are <40 nm in FWHM.
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(a)

250 nm

200 nm

50 nm

g.

Before laser exposure After laser exposure

(b)

Figure 6.10: a A set of before and after magnetic contrast images images. Two regions
of switching are observed after the optical laser pulse. b Color image of the difference
between the before and after images in a to highlight the switched regions. Black
outlines indicate the position of the plasmonic dipole antennas. Insets show higher
magnification images of the switched domains. The FWHM of the switched domains
are <40 nm.
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(a)

50 nm

Switching after 1st shot Switching after 2nd shot

(b)

Switching after 1st shot Switching after 2nd shot

Figure 6.11: Blue and red represent positive and negative differences and therefore,
switching in opposite directions. a The difference magnetic image of a sample after
two consecutive laser exposures. The blue region in the left image indicates AOS in
one direction underneath the antenna after the first laser exposure. In the right image,
the same region demonstrates a reversed switching back to the original magnetization
after the second laser exposure, showing reversibility. a Another sample showing
reversible AOS. In this sample, the initial state is a multi-domain magnetic pattern.
Therefore, switching in opposite directions can be seen in the same laser exposure.

Reversible switching is demonstrated in Figure 6.11, with the blue and red colors

representing switching in different directions. In Figure 6.11a, a region underneath the

bottom arm of the plasmonic dipole antenna is shown to have switched after the first

laser exposure. The same region switched back to the original magnetization state

after the second laser exposure. Another sample shown in Figure 6.11b also displays

reversible switching. We have successfully demonstrated controllable, reversible, and

nanoscale AOS for the first time. In addition, we achieved the smallest domains
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switched in a controllable manner by AOS, and the sizes are comparable to the

magnetic bits in state of the art PMR recording media. This shows that TbFeCo and

AOS can be a promising candidate for future recording technologies. At the same

time, this experiment clearly illustrates the capabilities of the HERALDO technique

in resolving nanoscale and buried magnetic structures.

However, the above results bring up several glaring questions. In particular, why

did the other antennas not work? Why is there asymmetric switching behavior un-

derneath the antennas when the enhancement profiles should be symmetric? Finally,

why do the switched domains not correspond to the expected positions of largest

enhancements for the different total antenna lengths. These questions highlight the

need for follow-up studies and at the same time, is reflective of the pioneering nature

of this experiment.
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6.5 Discussion and Outlook

While we have successfully demonstrated nanoscale AOS, it is obvious that the pro-

cess is neither well understood nor under full control. The fact that the switching

do not occur for all the antennas may be reflective of a fabrication yield problem.

We also failed to observe any evident correlation between dipole antenna lengths

and switching locations. The enhancement coupling modes of the plasmonic dipole

antennas depends very sensitively on the antenna geometry and quality [128]. The

presence of the nanometer scale residual Au particles may have a part to play in

introducing uncertainties. While the nanoparticles are not of the right size for reso-

nance effects, if the Au particles are within the antenna gaps or physically touching

the antennas, they may drastically change the expected plasmonic enhancement pro-

files of the larger dipole antennas. Finally, there is real lack of statistics in this first

demonstration experiment and the results beg for a more systematic study.

Perhaps another more important factor is the inherent nanoscale inhomogeneity of

the TbFeCo sample as shown by STEM-EDAX imaging earlier. The large variations

in the local elemental concentration is bound to introduce changes in the magnetic

properties and naturally, the switching threshold. It could be very plausible that

certain regions of the sample have a very different switching threshold and behavior.

This explains why some areas did not switch as expected or switched at a lower

fluence than expected. The presence of such microstructure naturally introduces more

complexity in understanding the AOS process. Unfortunately, the periodicity of such

microstructures is beyond the imaging resolution of FTH with HERALDO. Future

experiments can be done with better antenna structures such as bow-tie geometries to

produce even higher enhancements [122, 123, 124, 125]. The use of a large plasmonic

field enhancements can be a winning factor for future applications due to potential

energy savings with lower average laser power. While the switching done in this

experiment is with linearly polarized light, the effect of circular polarized light on AOS

should be fully explored through the use of novel cross antenna concepts [64, 65, 66].

The variety of plasmonic structures is really flexible in allowing for fine control over

the resultant field enhancement profiles.
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From the x-ray imaging perspective, this experiment is a great example of how

resonant soft x-rays can be used to image novel magnetic processes and nanoscale

structures. The particular advantages such as elemental specificity, depth penetra-

tion, magnetic contrast and high resolution are all in display and crucial in the suc-

cess of this experiment. The clean separation of charge and magnetic contrasts is also

demonstrated by reversing the circular polarization of the x-rays. Given the popular-

ity and applicability of AOS and the development of new materials systems, resonant

x-ray magnetic imaging will have a large role to play in the future.

As this dissertation is being written, the next iteration of experiments have al-

ready begun. The immediate goal is to accumulate more switching statistics and

conduct a more detailed study on various experimental parameters such as the laser

fluence. Imaging at the Tb edge with the opposite magnetic contrast should also be

demonstrated to show the antiferromagnetic alignment of the sub-lattices. A very

interesting idea is to integrate the plasmonic dipole antennas onto a TEM sample

grid. In that approach, the switching areas can be first identified and then the mi-

crostructure imaged with STEM-EDAX to investigate possible correlations between

Tb-rich or Fe-rich regions and ease of switching. The most interesting experiment

will be time-resolved single shot magnetic imaging of the AOS process. By following

the evolution of the switching process, it may be possible to image the nucleation and

growth of switched domains and gain more insights into to underlying mechanisms

and the effect of microstructures. This ties into the next and final experiment on

demonstrating femtosecond single shot magnetic imaging.



Chapter 7

Single Shot Magnetic Imaging

In this chapter, we venture into the ultrafast regime and show how lensless x-ray

holographic imaging can be applied with a x-ray free electron laser (XFEL) to take

ultrafast images of magnetic structures with individual pulses of x-rays. The advent

of XFELs has really opened up new fields by allowing scientists to study and image

atomic, electronic and magnetic structures of matter on their intrinsic atomic length

scales and femtosecond time scales.

A large variety of systems in soft, hard and biological matter contain nanoscale

heterogeneities governed by underlying electronic structures and competing local in-

teractions. These structures mediate atomic and macroscopic dimensions and even-

tually influences the material functionality and macroscopic properties. The under-

standing of such ordering and relevant dynamics is of fundamental interest [133] and

will be important for tailoring and utilizing their properties in nanotechnology. How-

ever, experimental studies of these materials on both the relevant length and time

scales have been limited. XFELs such as the Linac Coherent Light Source (LCLS)

[14] promise to fill this gap by giving access to nanoscale phenomena at time scales

pertinent to the motion of atoms, charges and spins. The LCLS is the first XFEL

to be operating across both soft and hard x-ray energies. Although coherent x-ray

scattering can yield spatial frequency information, as shown in Chapters 4 and 5

and various works [79, 103, 104], imaging is necessary to recover the complete real

space structure. Single shot imaging can become an essential tool in the study and

88
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characterization of transient states during both stochastic and deterministic ultrafast,

nanoscale dynamics. In particular, single shot imaging can be vital in the study of

speed limits in technological processes [24, 25] since it can elucidate the transient

states where such temporal processes cease to be repeatable [104].

The key question in single shot x-ray imaging is the validity of the “image-before-

damage” concept based on capturing an image before manifestation of radiation dam-

age [134]. Generally, higher photon flux will result in better image quality and res-

olution. However, radiation damage associated with increasing flux can alter the

observed state and render the collected images meaningless. It has been proposed

that with short femtosecond pulses, one can outrun the damage processes and ob-

tain atomic length scale structural information before atomic motion sets in [134].

This concept has already been shown to hold for macroscopic sample destruction

[135, 136, 116] and even for sample atomic modification [137, 138]. Chapman et al.

demonstrated the recovery of protein nanocrystal structures with 70 fs and shorter

x-ray pulses [137].

However, even before internal Coulomb forces start moving the atoms apart, the

faster processes of photoabsorption and photoionization with subsequent screening,

Auger decay and secondary electron cascades set in within a few femtoseconds, and

can dramatically change the electronic response [139, 140]. Any x-ray induced elec-

tronic damage will therefore dictate the time frame in which the image of the under-

lying, nanoscale valence electronic structure must be captured. In this study, we seek

to address whether and when this “image-before-damage” concept carries over to the

faster responding and more fragile valence electronic and magnetic structures.

In order to demonstrate single shot imaging of spin-resolved electronic structures

in a nanoscale ordered magnetic film, we choose to conduct an experiment on a well-

studied and characterized, perpendicularly magnetized Co/Pd multilayer system [141,

142]. Using a combination of resonant x-ray Fourier transform holography (FTH)

[12] and sample spatial multiplexing [120] introduced in Chapter 5, we can expect

an imaging fluence threshold orders of magnitude lower than that used in destructive

x-ray crystallography experiments at hard x-ray wavelengths [137, 138].

This experiment is the result of a large collaboration between the Stöhr/Dürr
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group at Stanford/SLAC, a French effort lead by the Lüning group at the University

of Pierre and Marie Curie/SOLEIL Synchrotron and the Beaurepaire/Boeglin group

at IPCMS, a German effort lead by the Eisebitt group at Technical University of

Berlin and the Grübel group at Deutsches Elektronen-Synchrotron, the Soft X-ray

Materials Science (SXR) beamline team at LCLS, and Dr. Olav Hellwig at HGST, a

Western Digital company.
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7.1 Experimental Setup

The experiment is carried out at the SXR beamline at LCLS and the setup schematic

is shown in Figure 7.1. Sputter deposited Ta1.5nmPd3nm(Co0.5nm/Pd0.7nm)40Pd2nm

multilayers on Si3N4 membranes are used for the experiment. When demagnetized

in an external perpendicular alternating current (AC) field, the samples show a

metastable configuration of ferromagnetic worm-like striped domains of about 100

nm in width. This characteristic length scale is strongly dependent on both external

and internal parameters [141]. A 800 nm thick Au film then is sputter deposited on

the back side of the membrane for the fabrication of the holographic mask. A focused

ion beam (FIB) is used to mill a 1.45 µm field-of-view (FOV) aperture through the

Au and five or fifteen 100 nm diameter reference holes, forming the holography mask.

The sample schematic resembles that of a typical FTH sample shown in Figure 5.5.

By tuning the LCLS x-ray pulses to the Co L3 absorption resonance, the per-

pendicular magnetization orientation in the ferromagnetic domains can be resolved

through the x-ray magnetic circular dichroism (XMCD) effect [143], as explained in

Chapter 3. X-ray pulses of up to 1.87 mJ are sent through a grating monochromator

used to select the photon energy (778.8 eV) with an energy resolution of 0.5 eV [144].

Please refer back to Figure 3.4 for the Co x-ray absorption spectrum. Since LCLS

currently only produces linearly polarized x-rays, a 40 nm thick, in plane magnetized

Co magnetic thin film polarizer is used to generate the required circular polarization

for FTH imaging [145]. The unfocused monochromatic beam is first sent through the

polarizer film at a 60 degrees angle of incidence, producing up to 109 photons per

pulse with 58% circular polarization [118]. The large beam spot size at the polarizer

results in a low energy density (<1mJ/cm2), which is non-damaging, and the mag-

netization of the polarizer film is fixed by a permanent magnet. A spot size of 10×30

µm is achieved at the sample by focusing the beam with bendable Kirkpatrick-Baez

mirrors [146]. Finally, the diffraction patterns are recorded with a charge-coupled

device (CCD) detector at a distance of 490 mm from the sample plane, giving a max-

imum momentum transfer Q vector of 0.111 nm−1 (56.5 nm in real space) for the 1.59

nm x-ray wavelength at the Co L3 resonance edge. The holographic mask contains



CHAPTER 7. SINGLE SHOT MAGNETIC IMAGING 92

FEL pulses at 

778.8eV, Co 

L3 edge

CCD

Co polarizer

M
FFT

(a) (b)

(c)

E

E

60°

Sample

Figure 7.1: The experimental setup. a Scanning electron microscopy image of a 15-
reference gold holography mask, showing the aperture and the references. Samples
with 5 references contain the inner ring of references only. The FOV diameter is 1.45
µm, and the references are about 100 nm in diameter. b A CCD camera located 490
mm downstream records the diffraction pattern in the far field. c Reconstruction of
the initial magnetic domain state from a low-fluence-accumulated diffraction pattern
with 58% circularly polarized x-ray pulses (<2 mJ/cm2). The dark and light regions
are 100-150 nm wide domains with opposite out of plane magnetization directions.

multiple reference holes as seen in Figure 7.1a, and each of which produces a snapshot

of the sample. Since the phase information is encoded by the sample-reference inter-

ference, a single inverse Fourier transform of the diffraction pattern will recover the

real space image as shown in Chapter 5. The initial domain images are reconstructed

from a long accumulation with low fluence x-ray pulses. Subsequently, two series of

single shot images are collected with 80 and 360 fs x-ray pulses at higher fluences.
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7.2 Imaging Results

(b)(a)

(c)

0 ≥ 4

Figure 7.2: Single-shot reconstruction of the nanoscale ferromagnetic ordering. a X-
ray diffraction pattern from a 5-reference sample containing 1.5×105 detected photons
from a single 80 fs pulse. The scale bar unit is photon count per pixel. b Real space
magnitude of the complex autocorrelation after Fourier inversion of a. The center
of the image is dominated by the self correlation of the object and references. The
complex conjugate pairs of object reference cross correlations are separated due to
the off-axis geometry of the references, and the smaller, bright spots are the cross
correlation pairs between references. c The final averaged reconstruction from b with
a 10-90% resolution of 80 nm, which is limited by the reference sizes.

Figure 7.2a shows a single shot diffraction pattern from a 80 fs pulse. As seen

in Figures 7.2b-c, the strategic placement of the references produces well separated

images of the magnetic structure in the autocorrelation after an inverse Fourier trans-

form. Due to a non-uniform beam profile and beam jitter, not all the references may

be illuminated equally during a shot, resulting in different cross correlation image

qualities and signal to noise ratios (SNR). The reconstructions without sufficient

SNR are discarded during averaging. The imaging threshold is defined as when the

contrast within the FOV is more than twice the standard deviation of background
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noise (SNR >2). The summation over all independent reconstructions can signifi-

cantly improve the image quality, enhancing the SNR by up to a factor of 4 with 15

references [120]. The combination of resonant scattering with spatially-multiplexed

x-ray FTH allows single shot imaging to operate at photon fluences 2 orders of mag-

nitude less than phase retrieval methods. This lowers the damage threshold further

during and after the XFEL pulse. We determined an imaging threshold of 5 mJ/cm2

for our Co/Pd multilayer sample system. This is up to 5 orders of magnitude lower

than that used in x-ray crystallography experiments [137, 138]. The above result is a

clear demonstration of the feasibility of single shot x-ray magnetic imaging.

Figures 7.3 and 7.4 show two series of continuous single shot images taken with

80 and 360 fs pulses. It should be noted that the reported pulse durations refer

to electron bunch length measurements and may be shorter, as suggested by the

electronic response of atoms to intense x-rays beams [139]. The individual LCLS

pulses are triggered by our CCD at an approximate speed of once every 6 seconds,

which is limited by the read out speed of the CCD.
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Figure 7.3: a A series of single shot images taken with 80 fs x-ray pulses. Only the
shots with sufficient statistics are shown here. The image reconstructions depend on
the number of photons determined by the beam profiles and shot fluences. b Average
reconstructions compared to the initial state. The initial state is taken from a long
accumulation (>1000 shots) at low fluences. The domain pattern is altered after shot
68.
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Figure 7.4: a A series of single shot images taken with 360 fs x-ray pulses. Only the
shots with sufficient statistics are shown here. The image reconstructions depend on
the number of photons determined by the beam profiles and shot fluences. b Average
reconstructions compared to the initial state. The initial state is taken from a long
accumulation (>1000 shots) at low fluences. The domain pattern is slightly altered
after shot 10 and drastically altered after shot 24.
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Two features are immediately apparent. First, the shots are of varying quality and

SNR, and secondly, we can observe the sample magnetic domain structures evolving

and changing after some shots.

The first feature is attributed to the inherent jitter of LCLS lasing. Due to the

stochastic self-amplified spontaneous emission (SASE) process, the XFEL pulse struc-

ture is not uniform but consists of multiple spectral peaks that depend on various

instrument parameters. Given that a grating monochromator is used with an exit

slit to select the energy of the incident x-rays at the SXR beamline, there is a nat-

ural spread of shot intensities. The majority of the shots are dark, a minority are

of significant fluence for imaging, and very rarely, a particularly strong shot is seen.

In order to quantify the actual incident fluence of the incoming x-ray pulses, we cal-

ibrated the LCLS data by comparing the diffraction pattern intensities with those

taken on similar samples at the Stanford Synchrotron Radiation Lightsource (SSRL).

Care is taken to simulate the effects of a smaller beam spot size at LCLS (10×30 µm)

compared to that at SSRL (270×90 µm), and with an assumed gaussian profile. The

intensity profile of the diffracting x-ray wavefront can be determined by examining

the relative intensity of each reference-reference cross correlations, which ultimately

depends on the illumination of each reference. In other words, the references also

function to sample the beam profile at various locations [148]. Due to this rather

indirect method of calibrating pulse fluence, the error in shot fluence is at about 20%.

The majority of this error comes from the uncertainty in diode quantum efficiency

and in simulating the beam spot profiles. However, the relative differences between

the shots should have a smaller error that is only due to shot noise.

The second feature of sample changes is clear evidence of sample damage. This

ties in into the next section where we analyze the damage thresholds.
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7.3 Damage Effects

In order to capture the true initial states of interest, x-ray induced radiation damage

effects should not be seen by the probe pulses. At a fluence of 20 mJ/cm2, approxi-

mately 1 in 1000 Co atoms absorbs a photon. The core holes in the L-shell decay via

the dominant Auger channel (99%) within a few femtoseconds. Model calculations

based on [149] show that the electronic damage sets in when Auger electrons generate

a cascade of secondary electrons in the sample with a typical collision rate of 1/fs,

transferring 3d electrons into the continuum. Within several tens of femtoseconds, the

average energy of 0.8 eV/atom is effectively distributed over all atomic sites producing

a hot electron gas in the valence band that thermalizes in about 100 femtoseconds

[43]. Subsequently, energy and angular momentum is transferred on characteristic

time scales to the spin (150-300 fs) and phonon (≥0.5 ps) systems, leading to ultra-

fast demagnetization and heating of the lattice [39, 50, 150]. First, let us consider

the latter and slower thermal damage.

7.3.1 Manifestation of Thermal Damage

When the probe pulse itself deposits so much energy that the sample is damaged, a

new sample is needed with each shot in order to perform time-resolved studies. Such

experiments will be limited to the accuracy of cloning samples and the reproducible

positioning of the sample within the XFEL beam. This could present a significant

challenge. Therefore, it is desirable that a single specimen can withstand the afteref-

fects caused by picosecond scale thermal heating. The sample can then be then reset

to or recover into the initial state for the next shot. The feasibility of nondestructive,

sequential single-shot imaging is demonstrated in Figure 7.5.
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Figure 7.5: Fluences and image correlations of single shot images taken with 360 fs
pulses. a Fluence plot of the single shot series. The blue markers represent pulses
that are above the statistical threshold of 5 mJ/cm2 for FTH imaging. The red
marker represents the pulse with sufficient fluence to induce irreversible changes in
the sample. Gray markers indicate pulses that are below the imaging threshold. Error
bars indicate uncertainty due to shot noise. b-c Average reconstruction from shots
12 to 23 and reconstruction from shot 24. d-e Average reconstruction from shots 25
to 31 and reconstruction from shot 33. Line cuts show good agreement of the domain
patterns.
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Figure 7.5a shows the spread of LCLS single pulse fluences. The average recon-

struction from shots 12 to 23 agrees very well with the reconstruction from shot 24.

The similar is observed between the average reconstruction from shots 25 to 31 and

the reconstruction from shot 33. The sequential images produced by the average shots

are highly correlated with each other, at ≥75% with only minor lateral fluctuations

along the domain borders starting near the 25mJ/cm2 threshold. Since the shots are

taken once almost every 6 seconds, the sample is able to dissipate the heat and recover

to room temperature. For shots at lower fluences, the sample is able to recover to the

initial magnetic domain structure before the next shot. For the strong shot 24, the

original magnetic structure is imaged but it then proceeds to change after the beam

passes through, as seen by the reconstructions after shot 24. This is indicative of the

slower thermal damage.

Using the refractive index, we can calculate that, at the Co L3 absorption edge,

the Co/Pd multilayers absorb 83% of the photons with 70% of the total energy being

deposited in Co atoms. With a fluence of 25 mJ/cm2, the average temperature

in the sample would reach 1100 K, not accounting for heat transfer. Beyond 25

mJ/cm2, temperatures above the Curie temperature of 750 K [151] would have been

reached and the completely demagnetized sample would form a new domain pattern

upon cooling. However, as shown in Figures 7.5d-e, the altered nanoscale periodicity

suggests further irreversible structural damage which could be caused by interstitial

diffusion across Co/Pd interfaces and subsequent anisotropy softening [103]. The key

to nondestructive sequential imaging is to utilize the regime between the minimum

imaging and the thermal damage thresholds.

7.3.2 Ultrafast Demagnetization

In order to look for ultrafast demagnetization, we analyze the dependence of the

contrasts of the reconstructed images on the shot fluences, as shown in Figure 7.6.
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Figure 7.6: Fluence dependence of charge-magnetic interference (CMI) intensity for
80 and 360 fs single shots. The errors are shot noise dependent and the bars shown
are representative of other data points with similar fluences and photon statistics.
For 80 fs pulses, the CMI intensity remains proportional to the incident x-ray fluence
throughout the fluence range. This relation holds for low fluence 360 fs pulses but
a 20% reduction of CMI intensity is observed at higher fluences indicating that x-
ray-induced demagnetization occurred during the longer pulses. The reduction of
CMI intensity is in agreement with calculations (red line) based on optically-induced
ultrafast demagnetization with comparable amounts of energy deposited.

The image contrast depends directly on the charge-magnetic interference (CMI)

intensity in the diffraction pattern. With binary magnetic domains, we express the

CMI contrast as the standard deviation of the pixels within the circular FOV aperture.

Correspondingly, shot noise determines the spread in the background outside of the

FOV. To determine the relative CMI intensities for single shots at different fluences,

we compare the CMI contrast from the reconstructions. The single shot diffraction

patterns are normalized based on the photon intensity relative to the low fluence
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reconstruction of the starting domain state. Data after intense x-ray pulses shots are

discarded when a sample is significantly altered thermally as described in the previous

subsection. In such a setup, the CMI intensity depends on the fluence of the x-ray

pulse and also the instantaneous magnetic contrast due to the XMCD effect. If the

magnetic contrast remains constant throughout the pulse, the CMI intensity should

simply scale with pulse fluence. Any deviation from this linear relationship would

mean that the sample magnetic contrast is reduced during the pulse.

For 80 fs pulses, the CMI intensities remain proportional to the incident fluences

up to 28 mJ/cm2, suggesting that the sample state does not change significantly

during the pulse. For pulses nominally 4 times longer, we find a deviation in the CMI

intensities of about 20% at the highest fluences, indicative of x-ray induced ultrafast

demagnetization triggered by secondary electron cascades during the pulse. As a

result, the time frame must be set to≤80 fs for probing the prepared state of interest in

this sample system in the shown fluence regime. This decrease in CMI intensity can be

explained in terms of the previous discussed laser-induced ultrafast demagnetization

at optical wavelengths [50, 43, 39, 150], when the absorption of x-rays deposits about

the same amount of energy over the sample volume as compared to optical pumping.

A simple model is used to calculate the ultrafast demagnetization process (Figure 7.6,

red line), during which the sample magnetization decreases linearly with increasing

fluence until the sample is completely demagnetized at a threshold fluence [50]. The

characteristic time scale of this ultrafast process is set to 280 fs which corresponds

to reported values [150]. The 360 fs pulses are then divided into 10 fs slices and

propagated through the sample, and the resulting CMI intensity is integrated over

the entire pulse. Despite the relatively large error bars in pulse fluence, the model

curve qualitatively agrees with the observed data and is in support of our observations.
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7.4 Summary and Outlook

In summary, the results presented here demonstrate the feasibility of highly efficient

single shot imaging of magnetic nanostructures. The strong interaction between the

intense x-ray beams and the sample electronic system causes damage to the magnetic

structure that can be outrun with pulses ≤80 fs. Enhancements in resolution can be

achieved at higher fluences with smaller x-ray focuses at the expense of sample de-

struction, and by using advanced holography techniques such as uniformly redundant

arrays [116] and holography with extended references by autocorrelation linear dif-

ferential operation (HERALDO) [13]. The demonstrated feasibility of nondestructive

sequential single shot imaging also provides a very attractive tool for the time-resolved

study of nanoscale femtosecond dynamics. A pump-probe setup similar to the one

shown in Figure 7.7a can be used to stroboscopically image ultrafast dynamics. A

sequence of images taken at a range of time delays between the pump and probe can

be used to visualize the dynamic evolution of magnetic structures.

Experimentally, there are distinct fluence regimes to consider in terms of the

slower thermal damage. For each sample system, it is necessary to identify the fluence

thresholds at which sufficient statistics for imaging can be achieved. This is shown in

Figure 7.7b for our particular Co/Pd multilayer system. At higher fluences above the

threshold at which the sample gets altered permanently, experiments would require

identical samples where a fresh one is used for each shot. However, at such fluences,

high contrast and high resolution images can be obtained. In addition, this will not be

a concern if the pumping mechanism itself induces irreversible changes to the sample.

On the other hand, there may exists a regime in which sufficient statistics can be

achieved for imaging without causing irreversible damage to the sample. In such a

case, the sample can either be reset, for example by an external magnetic field, or

recover on its own. A series of stroboscopic images can then taken on a single sample,

rendering sample fabrication more convenient. It is also important to consider and

explore if certain dynamics are stochastic in nature or repeatable, as this determines

if accumulating multiple exposures is feasible for better statistics.

Future upgrades to LCLS for full circular polarization control of the x-ray beam
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Figure 7.7: a Pump-probe experiment schematic. The time delay between the pump
pulse and the subsequent probe pulse can be varied to capture images at different
periods after the initial pump. A time-resolved view of the dynamics of interest can
then be pieced together. b The shot fluence plot with different color shading to
represent the 3 distinct single-shot imaging fluence regimes for the Co/Pd multilayer
system. In the red regime and above, excellent imaging statistics can be achieved at
the cost of irreversible damage to the sample. A new sample is needed for the next
shot. In the blue regime, sufficient statistics can be reached and the sample can be
reset or recover back to the initial state. In the grey regime, there are not enough
photons for a single shot reconstruction.

will render the polarizer unnecessary and provide a two order magnitude increase in

photon flux. Proposed seeded XFEL sources will further enhance flux and reduce

intensity jitters. Such improvements will significantly increase the photon limited
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resolution for destructive imaging and enable resonant phase imaging at energies

where the radiation dose is 10 times lower compared with the peak-absorption [111].

The considerable shift of damage thresholds will further extend the current spatial

resolution of 50-80 nm for nondestructive sequential single-shot imaging. Our results

open new ways to study the nanoscale charge and magnetic dynamics in materials by

ultrafast x-ray laser spectroscopy.



Chapter 8

Conclusions

The three experiments shown in this dissertation cover the commercial perpendicu-

lar magnetic recording (PMR) technology, the novel nanoscale all optical magnetic

switching (AOS) process and the exploration of ultrafast magnetic imaging. These

topics show the diversity of magnetism technologies and highlight how resonant soft

x-rays excel in the role of magnetic imaging for different applications.

In the study of PMR media, we demonstrate how resonant soft x-ray scattering can

reveal the relevant structural and magnetic information simultaneously in a manner

that is superior to the combination of conventional characterization techniques. To

demonstrate its use, we show a study revealing the design considerations in the past

and current development of PMR media [16]. With the technique also being applica-

ble to next generation recording technologies, magnetic small angle x-ray scattering

(SAXS) can make great contributions in the hard disk drive industry and drive the

future development of heat assisted magnetic recording (HAMR) and bit patterned

recording (BPR) concepts. The study of dynamic behavior of FePt after laser heating

for HAMR in a pump-probe approach is of particular and immediate interest.

In the second experiment, we applied high resolution Fourier transform holography

(FTH) imaging with holography with extended references by autocorrelation linear

differential operation (HERALDO) to a novel concept combining plasmonics and AOS

to demonstrate controllable and reversible nanoscale magnetic switching [17]. This

experiment not only proves that AOS is a viable candidate for magnetic information

106
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storage in the future, but also shows how nanoscale magnetic imaging can be used

in probing novel microscopic magnetism phenomenon and aid in the development

of practical technologies. As modern devices continues to be scaled towards smaller

dimensions, nanoscale imaging will play an ever important role. In addition to the

simpler metallic magnetic materials systems studied in this dissertation, a rich field of

magnetism lies in complex oxides that demonstrate fascinating and exotic transitions.

FTH can be extended into the ultrafast regime as a powerful single shot tool for the

imaging of magnetization dynamics [15]. Since the advent of x-ray free electron lasers

(XFELs), a previously unexplored field combining the nanoscale and the ultrafast has

been opened up and many more opportunities for interesting science and technologies

lie in wait. The real excitement lies in the combination of pump probe techniques

with nanoscale imaging, which can allow visualization of dynamic behavior that is

far beyond the paradigm of equilibrium-limited theories.

While this dissertation serves mainly to demonstrate the practical applications of

resonant soft x-ray scattering and imaging, it is also important to advocate the con-

tinued improvement and development of techniques that can reach higher resolutions

and be useful for a wider range of sample materials. The ability to extend imaging

techniques into the reflection geometry [114] is of particular interest since it will allow

for studies on materials that cannot be grown on x-ray transparent membranes, or

are in the bulk form. Finally, with the development of brighter and higher repetition

XFEL sources, techniques previously limited by weak interaction cross sections and

low signal can now be further pursued. The demonstration of stimulated scattering

in solids [152] is a major advancement in the development of inelastic x-ray scatter-

ing techniques. Meanwhile, table top x-rays sources are being developed aggressively

with successful demonstrations of scattering and imaging experiments [153, 154, 155].

While access to synchrotrons and XFELs will continue to be somewhat limited due

to the scarcity of facilities, the proliferation of compact x-ray sources can really make

a difference in the x-ray community and enable large scale adoption of resonant x-ray

characterization techniques.

Nanoscale and ultrafast resonant soft x-ray magnetic imaging already has many

uses and many more opportunities await. The future is indeed very exciting.
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