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Chapter 1

A Non-technical Description of

Spin-Torques in Perpendicularly

Magnetized Nanopillars

The first half of this thesis pertains to x-ray investigations of the switching dynamics

in magnetic nanopillars with a perpendicular magnetic anisotropy, driven by a spin-

transfer torque. Physics is viewed as an arcane science, and the previous sentence

probably did very little to help. Almost every word warrants elaboration. What is

being switched? What is a spin-transfer torque? Even a word like “magnetic”, which

has a common meaning and intuitive understanding, contains additional nuance in

the current setting.

The goal of this chapter is to provide a preview of the detailed, technical, and

sometimes inaccessible, research that is presented in the following chapters. The

hope is to answer the questions “What is really happening in this research?” and

“Why are we studying it?”. This chapter should provide a non-technical summary

for those who are not in the field. For the expert, it should serve as a motivation. By

understanding, for example, that the perpendicular magnetic thin films studied here

live on a thermodynamic precipice dictated by competing energy scales, and that those

energy scales ultimately determine the technological viability of our devices, hopefully

the cumbersome mathematical discussion of magnetic thermodynamics presented in
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Chap. 2 will seem worth the reader’s while.

When one thinks of magnetic memory, the first device that comes to mind is a

magnetic hard drive. If you were to remove the hard drive from your laptop, it would,

at first, appear as a rectangular cube–the housing of the actual device that we are

interested in. Inside the cube lives the actual hard disk, looking like a compact disc

(CD) but quite a bit shinier, more dense and smaller. The important part of the hard

disk is a thin film of metal that lies on top of a glass substrate. If we were to zoom into

the nanoscale world, and somehow adorn special goggles that allowed us to visualize

magnetization, we would see billions (or in some cases trillions) of magnets pointing

in one direction or its opposite, but not in any other direction. These magnets are

like compasses, not free to physically rotate, but able to align their north and south

poles in a direction that we dictate. They are magnetic bits. They are subject to

a “uniaxial anisotropy”–the technical term for the fact that these magnets are only

content to lie along one direction or its 180 ◦ opposite1.

The bit, whether it be magnetic or otherwise, forms the basis of computer science.

For the sake of concreteness, we will assume that in looking with the magnetic goggles

at the nanoscale world, the bits are pointing to the left or the right, meaning that in

one case, north was to the left and south was to the right (N←S) and in the other

case, the opposite (S→N). The former configuration may represent a “1” and the

latter a “0”, the basic units in digital, binary information. From this basic unit,

one can construct logical operations, create codes for the English language, perform

arithmetic, and describe a digital facsimile of Beethoven’s symphonies. Like a simple

children’s code where each letter represents a different letter in the alphabet, our

computer understands that 1000001 written in magnetic memory as described above

represents the character “A”.

It should be clear by now why the uniaxial anisotropy is important. The computer

needs to understand a “1” or a “0” but has no use for a “0.5”. Where that axis lies, it

1There are going to be a lot of anisotropies floating around here. Anisotropy simply means a
lack off symmetry. Not all directions are the same. There are other kinds of anisotropy, but in this
thesis its safe to assume we are talking about magnetic anisotropy. There is one more distinction
that needs to be made: the terms “uniaxial”, “in-plane” and “perpendicular” anisotropies refer to
the net effect on the device. They are the result of a competition between the magnetocrystalline
anisotropy and the dipole-dipole interaction, described below.
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turns out, is critical to the current diskussion. In conventional hard drives, certainly

including anything made before 2005, the anisotropy lies in the plane of the disk. We

call this “in-plane anisotropy”. The reason is that there is an energy associated with

these magnetic bits, the dipole-dipole energy, so the bits do what they can to space

themselves out. We will see in later chapters that the dipole-dipole effect is relatively

weak. It cannot possibly explain why we get magnets in the first place. Despite its

weakness, however, all else being equal, magnet bits lie in-plane. Its effect on device

functionality via its contribution to the energetic landscape of the system is profound.

The magnetic nanopillars that are studied here are, in fact, a type of magnetic

bit. We have made quite a bit of headway towards unpacking the initially daunt-

ing description of what this thesis is about. To switch a magnetic bit is to reorient

its magnetization from a direction that represents a “1” to a geometrically oppos-

ing direction that represents a “0”. By comparison with the description of in-plane

magnetization above we can infer that “perpendicular magnetic anisotropy” means

that the magnetization is pointing away from, or towards the hard disk rather than

along a direction on the hard disk. The analogy of a domino oriented standing up

rather than lying down is a useful place to start. Although the analogy fails as to

the question of why, hard disks have, in recent years, moved toward perpendicular

magnetic anisotropy as a means for increasing the bit density–that is, the number of

bits per square inch–and therefore increasing the number of songs you can store on

your computer.

To create a magnetic film with perpendicular magnetic anisotropy, one must over-

come the dipole-dipole interaction. If you were to zoom in even further, to the

sub-nanometer scale, the material would no longer be smooth. Instead, atoms would

be packed, like marbles, in any number of ways. In common parlance we rarely think

of metals as being “crystals”, but nonetheless, the exact style in which atoms in a

metal (or any solid) are arranged is referred to as its crystal structure. There is no

longer perfect symmetry in the crystal structure. If one were to sit at the center of

the crystal structure and look in different directions, one would see different things.

This can create one or more preferred directions for the magnetization, now mea-

sured relative to the crystal directions. Magnetocrystalline anisotropy, as it is called,
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Figure 1.1: On the left, the inside of a hard drive casette is shown. The round disk
is the actual hard disk. On the right, a schematic of the write operation is shown for
a magnetic medium with in-plane anisotropy. (Origin of these images unknown)

allows us to overcome the dipole fields and make magnetic films with perpendicular

anisotropy. This is no easy task. The prudent choice of materials and the care in

creating, or “growing” these films are two of the reasons why perpendicular recording

is a recent technological achievement.

To understand spin-transfer torques, magnetic nanopillars and why x-rays are use-

ful to study the intersection between the two, we need to leave behind our diskussion

of hard drives. Before we do, however, it is worth describing one more element of the

hard drive for comparison with magnetic nanopillars. The conventional way to switch

a magnetic bit is to apply a magnetic field. To do so, a large, mechanical write head

with an electromagnet on board is brought in close proximity. Much of what has

been described about hard drives is shown in Fig. 1.1. Often, the speed and overall

performance of the hard drive may be determined by the mechanical motion of the

write head. Finding the bit and determining whether it signifies a “1” or a “0” also

may not be the most graceful operation. We would like to study a form of memory

where the bits can be address in any order without slowing down the operation. This

is the essence of random access memory (RAM) which is traditionally in the domain

of electronic devices based on transistors. We would also like our magnetic memory
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Figure 1.2: A magnetic nanopillar shown with (A) in-plane anisotropy and (B) per-
pendicular anisotropy. The white arrows represent the direction of the magnetization.

to switch2 without the need for a mechanical write head.

Enter the spin-torque driven magnetic nanopillar, shown in Fig. 1.2. The device

shown in the figure has two magnetic metallic layers, their magnetization represented

by white arrows, separated by a non-magnetic metallic space layer. Instead of en-

coding the value of the bit using the direction of a single magnetization, the relative

direction of the two arrows now represents our familiar “1” and “0”. Parallel arrows,

for example, may represent a “1” while anti-parallel (arrows pointing in opposite di-

rections, but along the same line) would represent a “0”. The magic of this device

lies in the fact that both read and write operations can be performed by applying a

current — no applied fields, no mechanical parts, no motion involved! Let’s see how

this works.

Electric currents consist of moving electrons. More specifically, a current exists

when more electrons move in one direction than another. Picture standing at the

Wall Street subway station in New York City counting the number of people coming

and going. You add one for every person who leaves the subway and subtract one

for every person who enters. At noon, there may well be an equal flux of people

2Hence forth and forever, “to switch” will mean “to switch the direction of the magnetic bit
subject to a uniaxial anisotropy”
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coming and going. People are moving, but the current is zero. At 8am, however,

far more people are arriving than leaving. The current is positive. In the same

manner, we count electrons moving past a surface to determine the current. These

electrons carry with them some very fundamental quantities including mass, charge

and spin. Mass and charge are quite familiar. Every electron has a mass equal to

9.1×10−31 kg and a charge of 1.6×10−19C. The vast majority of our devices are based

on the transfer of charges associated with an electron. So coupled are the concepts

of electrons and charge that these devices have hijacked the word “electron” and are

called “electronics”.

The concept of spin is more foreign. Like charge, each electron carries with it a

small quantity, or quantum, of angular momentum. This is the very same angular

momentum that keeps your bike upright as you ride it. A bike’s angular momentum

is due to the rotation of the wheels. No such analogy, however, exists with electrons.

Nothing is actually spinning. Nevertheless, for the imagery, we refer to this quantity

as spin. Spin is more mathematically cumbersome than charge because it involves a

direction as well as a quantity. Fortuitously, in the case of an electron, we can always

specify the spin as being in one of two directions. Because every electron has the

same quantity of spin, physicists fully specify the spin by noting only its direction.

An electron is either “spin-up”, signified by the symbol ↑ or “spin-down”, signified

by the symbol ↓. Devices that use this aspect of an electron’s nature have recently

been deemed “spintronics”.

Spintronics are useful because of another fact. The synergy between an electron’s

charge and angular momentum produces a small magnetic moment that points in the

direction of the spin3. The quantum of this magnetic moment is the Bohr Magneton,

µB = 9.3 × 10−4 J/T. By switching from a spin-up electron to a spin-down electron,

the electron can donate one Bohr magneton’s worth of magnetization to a crystal. Its

effect does not make the crystal’s magnetization, which we have carefully described

already, any bigger or smaller. It simply turns the crystals magnetization. In mechan-

ics, when forces combine to rotate an object without displacing it, we call the effect a

3Actually, it points in the direction opposite the spin because of the sign on an electron’s g-factor,
but this detail is so academic that even scientists in the field tend to ignore it.
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torque. A see-saw experiences a torque. By analogy, we refer to the effect of electrons

donating their magnetic moment to a crystal’s magnetization as a “spin-torque”.

A spin-torque only has an effect if one type of spin, say spin-up, is donating more

magnetization than the other. Just like in the subway example, it is possible to have

electrons flipping spins without a net torque. The way we achieve a net torque is

to simply have more of one type of spin present in the current. If there are seven

spin-up electrons for every three spin-down electrons, we say that the current is “spin-

polarized”. Again looking at the layer structure in Fig. 1.2, we see two magnetic layers

labelled the “free” and “fixed” layer, respectively. The fixed layer serves the purpose

of polarizing the current. It does so because the electron spins have a tendency to

align with the magnetization inside the layer. This layer is magnetically “hard”,

meaning that it is stubborn about switching directions, so it stays pointing in one

direction forever. The second layer, the “free” layer, is magnetically soft. It is not

so stubborn and is perfectly happy to be influenced by a spin-torque. If we imagine

that the two layers start antiparallel, as shown in (B), the effect of the spin-torque

is to align the free layer with the fixed layer. For reasons that are technically more

obtuse, passing a current in the opposite direction will switch the configuration back

to antiparallel. The upshot is that we have a way to switch the bit without a magnetic

field!

The read operation is provided by another bit of luck. In the mid-eighties, Albert

Fert and Peter Grünberg independently diskovered an effect called “giant magneto-

resistance”. Because of this effect, if you were to measure the electric resistance of our

nanopillar in the antiparallel and parallel configurations, you would find a difference.

Namely, the antiparallel configuration would have a higher resistance. Stuart Parkin

of IBM made this effect technologically viable by inventing the GMR read head,

shown in Fig. 1.1. In 2007, Fert and Grüberg won the Nobel prize in physics for its

diskovery. In our nanopillars, the GMR effect means that measuring the resistance

while applying a small current provides the read operation, while the write operation

can be done by applying a larger current. The physics of GMR and spin-torque are

intertwined: generally if one is present the other is as well. In conventional read

heads, this link actually manifests itself as a source of noise.
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Figure 1.3: The range of light frequencies from tv and radio waves to high energy
gamma rays that can be produced by radioactive materials. The figure is a mod-
ified version of a figure from http://en.wikipedia.org/wiki/Electromagnetic_

spectrum

Everything in the title sentence has now been explained except for the use of x-

rays. Why do we use x-rays to study perpendicularly magnetized metallic nanopillars

driven by spin-torques? To paraphrase Goethe, “All is light”.4 Various types of waves

that we associate with other things – radiowaves, microwaves – are all in a broad sense,

light. This is illustrated by the electromagnetic spectrum shown in Fig. 1.3. We can

use these forms of light to study most anything that we can use optical light to study.

In this thesis, we will take pictures with soft x-rays. The x-ray sources that we will

use are referred to as “light sources”.

There are, however, some important differences. For one, if we have light of a

certain wavelength, we can generally only study physical features about the same size

or bigger than that wavelength. The color red, for instance, has a wavelength of about

4Johann Wolfgang von Goethe is commonly credited with the saying “all is leaf” referring to the
many functionally different parts of plants that are all evolutionarily modified, spatially differen-
tiated, leaves. This author can find no identical quotation attributable to Goethe. The closest is
“from top to bottom a plant is all leaf”.[1]
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700 nm. As small as that is, the nanopillars we will be studying are only ∼ 200 nm

in size. The wavelength of optical light is not small enough. This is known as the

diffraction limit. X-rays, with wavelengths less than 10 nm fit the bill. Secondly,

x-rays can probe buried structures. We can look at not just the surface, but what

is going on underneath. This is familiar from the doctor’s office. Lastly, x-rays have

the ability to diskern between different elements. In a nanopillars with a slew of

elements, x-rays can tell us specifically what is happening to, say, the iron atoms in

the sample. Under appropriate conditions, both optical light and x-rays have the

ability to provide magnetic contrast–that is to say, rather than looking at the sample

directly, we look at what the sample’s magnetization is doing.

The x-rays we use here come from a synchrotron. Synchrotrons are circular accel-

erators that keep charged particles (like electrons or protons) moving at close to the

speed of light. Originally, synchrotrons were designed and constructed for particle

physics. Several Nobel prizes in physics have been awarded for their use in this area.

One scourge of synchrotrons as accelerators, from the point of view of the particle

physicists, was that every time the particles would make a turn, they would radi-

ate off some of their energy in the form of x-rays. It was recognized, however, that

opportunistic scientists could make use of these x-rays for studying materials. The

first uses of synchrotron radiation were done in parallel with the high energy uses.

The synchrotron eventually became antiquated for high energy physics and instead

began being built as dedicated machines for producing x-rays. For the last thirty

years, synchrotrons have been the work horse of x-ray science offering many orders of

magnitude improvement in beam qualities over conventional x-rays tubes. Recently,

the x-ray free electron laser (XFELs), which will be diskussed in the second half of

this thesis, have set a new standard for x-ray brightness. Because of the incredible

amount of resources required to build and maintain XFELs, synchrotrons will have a

parallel role in the field of x-ray science for years to come.

Each portal from the circular accelerator in a synchrotron is called a beamline.

Each beamline has experimental equipment at the end tailored to specific scientific

needs. Some beamlines seek to reconstruct the structure of proteins. Others look at

how chemical bonding effects the nature of toxins in drinking water. The beamline we
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use is a scanning transmission x-ray microscope (STXM5). Using the x-ray microscope

allows us to synchronize pulses of x-rays from the synchrotron to the electrical currents

that we use to switch the magnetization of the nanopillars. The pulses of x-rays serve

as ultrafast shutters with which to take pictures. In other words, we can take pictures

in the middle of the magnetic switching process. We can study dynamics.

Why dynamics? Imagine a gymnast performing a floor routine. If you were to

only view a picture at the beginning and a picture at the end, you might think that

the gymnast simply walked from one corner of the mat to the other, raised her arms

and took a bow. By using a high speed camera, however, you would capture the true

majesty of the act. This is the essence of dynamics–the interesting physics often lies

not in the static, stable pictures at the beginning and end points of a process but

the very short timescales in between. The results are often surprising. In an earlier

investigation of in-plane pillars driven by a spin-torque, Strachan and Chembrolu

found that the magnetization did not switch like a compass flipping around. Instead,

under certain conditions, the magnetization broke into a vortex which moved through

the pillar, like a hurricane blowing trees to the east on one side and to the west on

the other, leaving it switched.

The idea that the whole nanopillar should behave as one magnet is not just a

simple layman’s analogy. The concept, known as the “macrospin approximation”

is deeply embedded in the theoretical work in our field. It is used to propose new

devices with better functionality based on theoretical results. Perpendicular media, in

particular, was proposed for spin-torque devices because the macrospin approximation

said that they should require less current to switch than in-plane devices. Dynamics,

therefore, are not just an intellectual curiosity but play an important role in how these

new devices work. The x-ray microscopy investigations of spin-torque in metallic

nanopillars with perpendicular magnetic anisotropy will address, in part, whether

the macrospin approximation is a valid way to predict the dynamics.

5Pronounced “sticks-um”.
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Chapter 2

Micromagnetic Thermodynamics

and Equations of Motion

Magnetism is tricky business. Many hundreds of pages could, and have been, writ-

ten to describe the physical phenomenon associated with magnetism. The next two

chapter will introduce the concepts in magnetism that are particularly relevant to

time-resolved x-ray microscopy investigations of perpendicularly magnetized nanopil-

lars. This chapter provides background on the relevant competing energies in mag-

netization dynamics and their corresponding equations of motion. The next chapter

will focus on modern research advances that have made spin-transfer torque RAM

possible.

In this chapter, we will start by defining magnetism and provide examples of the

types of long-range magnetic order that can be observed. Of particular interest is

ferromagnetism, which we will introduce by offering two models: the Ising model and

the Stoner model. One should keep in mind that the utility of these models is not

that they produce quantitatively accurate results of nanoscale magnetization dynam-

ics. For that purpose, we will rely on micromagnetic simulations. These models are

provided because they introduce simple “pictures” of ferromagnetism that are helpful

for a heuristic understanding of this research. Micromagnetics will be introduced via

the Landau Lifshitz Gilbert (LLG) equation. The terms composing the free energy on

which the LLG relies will be elucidated for the purposes of understanding competing
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energy scales as well as micromagnetic simulations. Finally, we will review the origins

of spin-transfer torque (STT), yielding the LLG equation with the Slonczewski STT

term.

2.1 Flavors of Magnetism

Magnetism, broadly defined, is an interaction between the magnetic moments in

matter and the outside world. For our purposes, we will limit ourselves to thinking

of magnetism as a long-range interaction and ordering of magnetic moments within

a solid. The long-range ordering can manifest itself in many ways. Fig. 2.1 shows

some of the most common manifestation in the presence of a magnetic field oriented

at a random axis with respect to the sample surface. The manifestations shown in

the figure of are described in more detail below:

(A) Ferromagnetism: Shown in Fig. 2.1A, the magnetic moments are aligned along

a so-called “easy-axis”. The bulk magnetization is resistant to change until a

critical field at which point the magnetization reverses.

(B) Antiferromagnetism: Shown in Fig. 2.1B, neighboring magnetic moments are

coupled as to favor an anti-parallel alignment.

(C) Diamagnetism: Shown in Fig. 2.1C, magnetic moments oppose an applied

external field.

(D) Paramagnetism: Shown in Fig. 2.1D, magnetic moments align with an applied

magnetic field.

(E) Ferrimagnetism: Shown in Fig. 2.1E, the crystal structure can be decomposed

into sublattices of differing elemental composition. The coupling between sublat-

tices is antiferromagnetic. Since the moments per unit cell in the sublattices are

not equal, a net magnetization persists. Such structures have recently become

relevant to research in magnetic recording due to the discovery of all-optical

switching in ferrimagnetic materials such as GdFeCo[2].
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(F) Canted Antiferromagnetism: Shown in Fig. 2.1E, an antiferromagnet with

a slight cant can have a net magnetic moment.

The magnetic behavior exhibited by a material depends critically on temperature. At

room temperature, however, diamagnetism is by far the most common, followed by

paramagnetism. For elements in their pure form at room temperature, only cobalt,

nickel and iron are ferromagnetic. Nevertheless, materials exhibiting a wide-range of

behaviors are both naturally occurring and man-made.

2.2 Ferromagnetism

Ferromagnetism is by far the most interesting type of magnetic order for applications

in magnetic memory. In ferromagnetism, the magnetic moments in a solid (or at least,

a majority of them) align along a stable direction known as an easy axis. The easy-axis

is a property of the material that corresponds to the axis along which the anisotropy,

given as an energy, is minimized. This anisotropy can have several contributions.

Particularly relevant to this work is a competition between the shape anisotropy and

the magnetocrystalline anisotropy which can give rise to a perpendicular magnetic

anisotropy.

Although the system must lower its energy via the long-range ordering of magnetic

moments for ferromagnetism to exist, this cannot happen classically. The idea that

there can be no equilibrium magnetization in a classic system is encompassed in

the Bohr-van Leeuwen theorem which is outlined in Chapter 1 of Blundell[3]. The

origins of magnetism are an inherently quantum mechanical competition between

exchange interaction, which arises from the insistence that multi-particle fermionic

wave functions must be anti-symmetric, and the kinetic energy cost of promoting an

electron of minority spin to the majority spin in a higher band. In this vain, we will

introduce two models for their heuristic value: the Ising model and the Stoner Model.

The Ising model1 introduces a phenomenological coupling between spins in the

1The Ising model is a simplification of the Heisenberg model which allows the spins to point in
any direction. In the Ising model, the spins are always constrained to a quantization axis, but the
dimensionality of the lattice may vary.
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Figure 2.1: A schematic of pertinent types of magnetism shown with their magnetic
orientation in the presence of an applied external field. (A) Ferromagnetism, (B)
antiferromagnetism, (C) diamagnetism, (D) paramagnetism, (E) ferrimagnetism, and
(F) canted antiferromagnetism.
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Figure 2.2: Schematic of the Ising Model. The spin shown on the green site is flipped,
costing an energy 2JS2 due to nearest neighbor interactions with equal spins.

Hamiltonian. This takes the form,

HIsing = −
J

2

∑

<ij>

Sz
i · Sz

j (2.1)

Where J is a coupling constant that can be positive (ferromagnetic) or negative

(antiferromagnetic), Sz is the Pauli spin operator along the quantization axis and 〈ij〉
represents all of the nearest neighbors. In one dimension, it is easy to demonstrate

that spontaneous ferromagnetism is not possible at temperatures greater than zero.

In two dimensions, however, long range order can exist. A schematic of the two

dimensional Ising model is shown in Fig. 2.2.

The question of what constitutes a single spin is not answered by the Ising model.

Although the smallest possible unit is the atomic spin, it is more typical to consider

magnetization dynamics in a continuum limit. In such limit, the spins are grouped

into mesoscopic regions where spins within a single region can be counted on to behave

coherently. For small nanopillars, much theoretical work has been done by considering
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a single macrospin. Whether a thin magnetic layer in a current driven metallic nano-

pillar can be treated as a single spin that responds to magnetic fields and spin torques,

or whether it is more appropriate to break such a layer into many interacting spins,

has been a central focus of both theoretical and experimental research on spin-torque

devices[4, 5, 6, 7, 8]. The validity of the macrospin approximation in spin-valves with

perpendicular magnetic anisotropy will be a central issue in this research as well.

The concept of interacting mesoscopic spins will be utilized in the micromagnetic

simulations discussed in Chapter 5.

The Ising model captures many important features for ferromagnetism. In par-

ticular, it credits ferromagnetism to the exchange interaction. One does not have to

look any further, however, than the magnetic moment per atom in transition metals

to see its short-comings2. Iron, for instances, has a magnetic moment of 2.2µB/atom.

This cannot be explained using localized magnetic moments, which are quantized

in integers of the Bohr magneton. A simple band theory can help to explain the

role of itinerant electrons in transition metal ferromagnetism. The simplest of such

theories, the Stoner model, is demonstrated in Fig. 2.3. The Stoner model[9, 10]

considers separate free electron bands for spin-up and spin down electrons, initially

evenly populated. By promoting a sliver of electrons, from just below the Fermi level

in the spin-down band to just above the Fermi level in the spin up band, we create

a net magnetization. If we consider the molecular field, λM , associated with the net

magnetization, M there is an energetic benefit3 equal to

∆Emag = −
1

2
µ0µ

2
B(n↑ − n↓)

2. (2.2)

Here, λ characterizes the Coulomb energy associated with the exchange interactions.

It can be seen from the band diagram, however, that there is a cost associated

2It turns out that direct exchange, the overlap between wave functions of electrons on adjacent
sites, fails for localized magnetic moments such as 4f metals as well. The atoms are simply too
far apart to account for the observed critical temperatures. Instead, various indirect exchange
interactions are responsible for magnetism in these materials.

3There is a chicken and egg problem here. The promotion of the electrons to create unbalanced
spin bands creates the molecular field in the first place. This is called “boot strapping”, an analogy
to a method of climbing a tree where one pulls his or herself up by the bootstraps, supported by
nothing. Nevertheless, with magnetism rather than gravity, this works.
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Figure 2.3: Schematic of the Stoner Model. The top diagram shows the energetic
cost of promoting electrons in one spin-band to another, thereby creating a majority
spin. Since this process must be energetically favorable to exist, the bottom diagram
shows the final result. The majority spin band is shifted down with respect to the
Fermi level.
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with the kinetic energy of the promoted electrons,

∆EK.E. =
1

2
g(EF)(δE)

2 (2.3)

Where g(EF) is the density of states at the Fermi energy. A spontaneous splitting of

the spin-up and spin-down bands will occur if the change in potential energy due to

the magnetization is greater than the change in kinetic energy. This occurs when the

following condition, known as the Stoner criterion, is met:

µ0µ
2
Bλg(EF) > 1. (2.4)

In this case, the material will have a net magnetization. Spontaneous magnetization,

therefore, relies on a strong exchange interaction and a high density of states near

the Fermi level.

In this thesis, the idea of two separate bands for the spin up and spin down

electrons will play a prominent role in the understanding of giant magnetoresistance

(GMR) and x-ray magnetic circular dichroism (XMCD). There is also a more subtle

implication of the Stoner model. Bands are created when the exchange interaction

pushes the energy levels of electrons in a solid apart. Less exchange interaction leads

to less splitting and a higher density of states at a particular level. This is why

ferromagnetism tends to originate from localized 3d and 4f electrons. Another way

to defeat the exchange interaction is by reducing the coordination, i.e. the number

of bonds made by the magnetic atom. This can be done by making very thin films

so that bonds are broken at the interface. The multilayer perpendicular materials

discussed later have a magnetic enhancement due to this effect.

2.3 The Landau Lifshitz Gilbert Equation

In this section, we start by investigating a single magnetic moment in a magnetic field

and build up to the Landau Lifshitz Gilbert (LLG) equation with the Slonczewski

spin-torque term.

A isolated moment in a magnetic field precesses about an axis defined by the
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magnetic field in a process known as Larmor Precession[11]. The motion is described

by the equation,
dM

dt
= γM×Heff (2.5)

where γ is the gyromagnetic ratio,M is the magnetic moment4 andHeff is the effective

field experienced by the moment. The gyromagnetic ratio is related to the spin by,

γ =
gµB

h̄
S (2.6)

where g is the so-called g-factor, µB is the Bohr Magneton, h̄ is Planck’s constant and

S is the the net spin from which the moment is derived. Further details on the proper

addition of atomic spins within a solid using quantum mechanics and the calculation

of the g-factor are available in Ref [12] and [3]. In Larmor precession, the lone term in

the equation of motion acts as a torque term perpendicular to both the magnetization

and the field. Neither magnitude of the magnetization nor the angle it makes with

the field ever changes.

A compass acting in the earth’s magnetic field is a good example the system

described above. We know from using such a device, however, that the magnetic

moment does not precess around the earth’s magnetic field but, instead, very quickly

aligns with it. To describe the this process, Landau and Lifshitz introduced a phe-

nomenological damping term[13]. The inclusion of the damping term gives us the

Landau Lifshitz equation,

dM

dt
= γM×Heff + λM× (M×H) (2.7)

where λ quantifies the strength of the damping. Noting that problems persisted

within the Landau Lifshitz theory due to the large damping observed in ferromagnets,

Gilbert suggested an alternate form of Eq. 2.7 relating the precessional frequency to

4In this instance, we have discarded the normal notation for a magnetic moment, µ in favor of
of the symbol M used for magnetization. This has been done for continuity as we build up to a
micromagnetics view of magnetization dynamics.
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the time-dependent magnetization[14]:

dM

dt
= γ′

(

M×Heff + ηM× dM

dt
.

)

(2.8)

This is the LLG equation and its importance in magnetization dynamics is unrivaled.

While Eq. 2.8 appears simple, the seemingly innocuous term Heff represents rep-

resents an incredible amount of complex physics. Before attempting to tackle the

nature of Heff , we pause briefly to examine the simple case where the only field term

present is a constant field, namely, Heff = −Hok̂. A simulation is shown in Fig. 2.4.

In this simulation, |M| = Ho = 1 in natural units, respectively. Eq. 2.7 was used

for simplicity of the calculation with the parameters γ = 0.25 and λ = −0.05. The

simulation shows 20,000 time steps each with ∆t = 0.01. Because the torque is zero

while the magnetization lies along the positive z-direction, this direction represents

an unstable equilibrium. To initiate the dynamics, the initial state of the magne-

tization is given a 5 ◦ tilt towards the y-axis in the yz-plane. In physical systems,

thermal fluctuations in the magnetization direction are more than enough to provide

this initial canting.

Fig. 2.4A shows the path of the magnetization plotted on top of a unit sphere. It

is clear from this figure that the magnitude of the magnetization is left unchanged by

the magnetic field while the direction is reversed. This must be the case in a physical

material as the magnetization arises from the quantum mechanical addition of the

angular momenta of electrons associated with particular atoms5. The precessional

nature of the magnetization is still clearly present while the damping term aligns the

magnetization with the field over the course of time.

The three cartesian components of the magnetization are shown in Fig. 2.4B.

Initially, the magnetization is almost entirely in the z-direction. As the dynamics

progress, Mz (red) decreases monotonically while Mx (blue) and My (green) oscillate

out-of-phase with one another until the magnetization settles in the −z-direction.
5Although a torque on the magnetization can cause a directional change in the magnetization,

there is no such torque that can be applied to the to the spin along its rotational axis. In other
words, spin is inherent quantity like charge and mass
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Figure 2.4: (A) The path of the magnetization traced on a unit sphere where the
units correspond to the magnitude of the moment placed in the field. (B) The three
spatial components of the magnetization.
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This simple picture captures a tremendous amount of the qualitative nature of mag-

netization dynamics within more complicated systems. This will become apparent as

we look at domain-wall switching spin-driven nanopillars with a strong perpendicular

magnetic anisotropy (PMA). The qualitative features captured in Fig. 2.4 can there-

fore be ascribed to a coherent precessional switching of Ising-like spins. This type of

behavior is expected for small magnetic particles represented as a single macrospin

as described originally by the Stoner-Wohlfarth model[15].

2.4 The Effective Magnetic Field Within a Solid

As mentioned above, the effective magnetic field, Heff is the term that makes com-

putation of the LLG equation difficult. Its complexity is the reason that this study

constitutes modern research and not a simple calculation. The effective field seeks

to capture all of the magnetic interactions occurring in a solid. Typically these are

broken down into four terms: the magnetization’s interaction with an external field,

the magnetic anisotropy, the exchange interaction and the dipole-dipole interaction.

Although we think of Heff as containing four terms, it is important to note that these

terms are also the effective result of many competing effects. Here, we follow Ref [16]

by offering the free energy due to the magnetization as well as the effective field

derived from it. The free energy is given by,

E =− µ0

∫

d3rHext ·M(r)

− Ku

M2
s

∫

d3r(n̂ ·M(r))2

+
Aex

M2
s

∫

d3r
∑

α

(

∂

∂rα
M(r)

)2

− µ0

8π

∫

d3r

∫

d3r′M(r) · 3(M(r′) · x)x−M(r′)|x|2
|x|5 , (2.9)
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where x = r − r′. The free energy can be related to the effective magnetic field by

the thermodynamic relation H = (−1/µ0)∂E/∂M(r) yielding,

Heff =Hext +
2Ku

µ0M2
s

n̂(n̂ ·M(r)) +
2Aex

µ0M2
s

∇2M(r)

− 1

4π

∫

d3r′ · 3(M(r′) · x)x−M(r′)|x|2
|x|5 , (2.10)

We now review each of these terms as they pertain to the switching dynamics of a

spin-torque driven nanopillar with strong PMA.

2.4.1 The External Field

The first term in Eq. 2.9 and 2.10 is the interaction between an external magnetic

field and the magnetization of the sample. Typically, we think of this field as an

applied field, i.e. field lines from an external magnet are brought into proximity with

the sample via pole pieces in the experimental setup. In this research, no external

field is applied via a magnet. This fact, however, does not suggest that Hext = 0. The

most prominent contribution to Hext is the Oersted field due to the current in the

nanopillar. A rough estimate of the Oersted field at the edge of the nanopillar can be

obtained by considering an infinite wire of radius 100 nm with 1V applied across a

resistance of 63Ω. This yields a field of ∼ HOe = 2.5T. Other layers in the the sample

structure may also contribute to the external field. The sample structure, which will

be shown in more detail later, consist of several ferromagnetic layers separated by a

non-magnetic spacer layer. The stray field from the fixed layer acts as an externally

applied field on the free layer. In previous studies, the fixed layer was held in place via

exchange coupling with an antiferromagnetic. In that case, the stray field is reduced

because the flux lines are closed through the ferromagnetic. With perpendicular

materials, no antiferromagnetic is employed. The external field from the fixed layer

dipole may have an important impact on the dynamics. The Earth’s magnetic field

as well as electromagnetic noise contribute negligibly to the overall external field.
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2.4.2 Magnetocrystalline Anisotropy

The magnetocrystalline anisotropy indicates a preferred direction for the magnetiza-

tion with respect to the crystal structure. This is represented by the second term in

Eq. 2.9,

EMCA = −Ku

M2
s

∫

d3r(n̂ ·M(r))2 (2.11)

where n̂ is a unit vector in the preferred direction, Ku = EMCA,‖−EMCA,⊥ is a constant

indicating the difference in energy between the preferred direction and a direction

normal to it. Because the integrand is squared, it is clear that the anisotropy written

above is uniaxial, meaning that the magnetization prefers to lie along an axis but is

indifferent to whether it lies parallel or antiparallel to n̂.

The origin of the magnetocrystalline anistropy is the spin-orbit (SO) interac-

tion[17]. The SO interaction can be added to the Hamiltonian using the term,

HSO =
1

2mec2
1

r

(

∂V

∂r

)

L · S. (2.12)

This term gives rise to the last of Hund’s rules, which serves to maximize the total

angular momentum J .

In 3d transition metals, the SO interaction is small compared to the crystal-

field splitting[3]. In the case where SO coupling can be ignored, the orbital angular

momentum is said to be quenched, meaning L = 0. In this ideal case, the magnetic

moment is dominated by the spin contribution and there is no magnetocrystalline

anisotropy. While predictions of the magnetic moment per atom using only spin

do yield accurate results6, the orbital moment is small but non-zero. This non-zero

orbital moment signifies that the SO interaction is not completely negligible. For

cobalt, the magnetocrystalline anisotropy energy density is 5 × 104 Jm−3 while iron

and nickel are ∼ 5×104 Jm−3, corresponding to an energies between TMCA = 1−10K.

Though the SO interaction is weak compared to the exchange interaction, which is

responsible for long-range order at room temperature, it can play a critical role in

establishing a preferred direction.

6Such predictions can be easily calculated using µeff = geµB

√

S(S + 1)
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Heuristically, we can think of electrons orbiting a nucleus with an orbital angular

momentum. In an environment with high symmetry, there is an equal probability

that this angular momentum will point in any particular direction. As the symmetry

is broken, this may no longer be the case.

Broken symmetry enhances the spin-orbit interaction as

compared to the crystal-field splitting.

It will come as no surprise, then, that a strong perpendicular magnetic anisotropy

will be observed in multilayered materials with large interface effects.

2.4.3 The exchange interaction

In the previous section, it was shown that magnetocrystalline anisotropy is not nearly

strong enough to explain the observed long-range magnetic order exhibited by 3d

metals at room temperature in the absence of an external applied field. A similar

argument below will rule out dipole-dipole interactions as the culprit. These effects

play an important role once long-range order has been established, but they cannot be

the cause of long-range order. The exchange interaction, caused by overlap in electron

wave functions, is instead what makes magnetism an observable phenomenon in our

daily life. In Eq.2.9, the exchange interaction is given by the term,

Eex =
Aex

M2
s

∫

d3r
∑

α

(

∂

∂rα
M(r)

)2

(2.13)

The exchange interaction is isotropic. It explains long range order but not the

anisotropy, which is provided by the shape (dipole-dipole) and magnetocrystalline

anisotropies. The exchange interaction gives rise to magnetic stiffness or, in other

words, a penalty for non-uniformity. Domain walls, for instance, have to overcome

the exchange interaction in order to exists. A material with a high anisotropy and

low exchange will have lots of small domains while a material with low anisotropy

and high exchange will have fewer.
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2.4.4 The dipole-dipole interaction

The dipole-dipole interaction a self-energy term representing the interaction between

the dipole-field due to the magnetization and the magnetization itself. This term is

given by,

Edipole = −
µ0

8π

∫

d3r

∫

d3r′M(r) · 3(M(r′) · x)x−M(r′)|x|2
|x|5 (2.14)

A back-of-the-envelope calculation for the dipole-dipole given in Appendix A.1 pro-

vides an energy scale on the order of Tdipole = 1K. This, like the magnetocrystalline

anisotropy, cannot be the reason for ferromagnetism. The dipole-dipole interaction

is important to this study for two reasons. First, it is responsible for the demagneti-

zation field and therefore the shape anisotropy. The shape anisotropy encourages the

magnetism to lie in-plane for thin film. It is therefore the energy that we are battling

against in trying to create a film with strong PMA. Secondly, the dipole-dipole inter-

action is non-local. The presence the integral over r′ indicates that the entire body of

magnetization contributes to this energy. This is in contrast to MCA which is very

localized.

The dipole-dipole field, also called the demagnetizing field, for a small perpendicu-

lar magnetic particle such as a nanopillar is strongest in the center of the pillar.[18, 19]

A simple picture shown in Fig. 2.5 explains why this is the case. Magnetic moments

in the center of the pillar see two neighboring moments, each trying to demagnetize

the the original moment. On the edges, magnetic moments only see one neighbor. For

larger structures, these edge effects are negligible. The demagnetization field in the

perpendicular nanopillars described in this thesis are thermodynamically less stable

in the middle of the pillar.
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Figure 2.5: (Top) The demagnetizing field is highest in the center of a nanopillar
because it feels the effects of more neighboring spins than a moment on the edge.
(Middle) This demagnetizing field favors a “bubble” domain state where the magne-
tization is reversed in the center of the pillar. (Bottom) Experimental evidence from
Ref. [18] of this type of ground state in FePt nanodots magnetically imaged with
magnetic force microscopy.
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Chapter 3

Modern Advances in Magnetic

Thin Films

3.1 A History Magnetic Storage

The history of magnetism for technological purposes is a fascinating story that is well-

described in the first chapter of “Magnetism: From Fundamentals to the Nanoscale

Dynamics” by Stöhr and Siegmann[12]. Though the first applications of magnetism

were, predictably, for its use in navigation (ca 200 BCE), our story begins with

the suggestion by Oberlin Smith in 1888 that magnetic materials could be used to

store audio[20]. Smith proposed using a non-magnetic thread made of silk or cotton

embedded with magnetic iron filings to encode information from a microphone.

Oberlin Smith never build a working prototype of his invention. Instead, credit is

given to Valdemar Poulsen for the first true use of magnetic memory[21]. Poulson’s

device, the telegraphone, was patented in 1898. It recorded audio information on a

magnetic wire as it moved past a recording head. In 1900, Poulsen recorded Emperor

Franz Josef of Austria at the World Exposition in Paris. This recording is now the

oldest extant magnetic recording.

Magnetic wire recording, still used for audio, was quickly replaced by magnetic

tape recording invented by Fritz Pfluemer in 1928. The first application of mag-

netic memory for use in computers arrived with the UNISERVO tape drive on the
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UNIVAC-I (UNIVersal Automatic Computer I) computer. The UNISERVO tape

drive enlisted a half-inch wide magnetic tape with eight parallel tracks each contain-

ing 128 bits per inch. The eight parallel bits, together, formed a single character, with

two of the bits reserved for parity/error-checking as well as timing. The UNIVAC was

first delivered to the United States Census Bureau in 1951. Modern magnetic media,

which is currently dominated by hard drives, are now achieving storage densities on

the order of 1 Tbits/in2. This represents a factor of a billion increase in storage

density in the 60 years between their first use in computers and the writing of this

thesis.

Magnetic tape recording is still used and continues to be developed as an active

area of industrial research. Modern applications of magnetic tape are primarily in the

area of large-scale data back-up and archiving. Such systems are, in fact, currently in

use at the SLAC National Accelerator Laboratory as of this 2012 writing. For non-

archival purposes, magnetic tape has the distinct disadvantage that the read/write

must happen sequentially. The need to address memory in a non-sequential way led

to the IBM 350 RAMAC (Random Access Method of Accounting and Control)1

introduced in 1956.

The IBM RAMAC ushered in the era of magnetic hard drives. Hard drives have

changed in truly immeasurable ways since they were introduced. Recently, perpendic-

ular magnetic media[22], bit patterned media[23] and thermally assisted switching[24]

have all been utilized to keep the super-paramagnetic limit2 at bay. Despite these

advances, the paradigm of an areal density of bits addressed randomly (as opposed

to sequentially, in the case of magnetic tape) by a mechanical head has remained the

industrial standard since its introduction. The mechanical head performs both the

operations of reading and writing via applied magnetic fields. Often, the speed of

these hard drives is limited by the motion of the read/write head rather than the

1Though the bits in any hard drive, including RAMAC, can be addressed in any order, this is not
to be confused with Random Access Memory (RAM) which requires that the bits be addressable in,
at worst, constant time.

2When ferromagnetic particles, such as a magnetic bits, become small enough, their orientation
can relax into a random direction. The density of bits at which the data suddenly become unreliable
is known as the super-paramagnetic limit.[25, 26] The onset is approximately given by a bit volume
V where the anisotropy energy, KUV is on the same order as the thermal energy, kbT .
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intrinsic switching dynamics of the bits.

In the following chapters, we will explore a novel type of magnetic bit called a

“spin-torque” device. In such a device, the state of the bit (the “1” or “0” value that

the bit holds) is encoded in the relative alignment of two magnetic layers. The read

and write operations of the bit are both performed using an electrical current rather

than an applied field. Though the details of the device will be described in subse-

quent chapters, it is useful to keep in mind what the requirements are for magnetic

memory and where these devices might out-perform conventional hard drives. Major

requirements for any type of memory are the following:

1. Reliable Writing When an attempt is made to encode a bit, it must be accu-

rately encoded.

2. Reliable Read-out When an attempt is made to read the bit, it must return

the correct value.

3. Non-volatility Once set, the configuration of the device must be stable against

thermal fluctuations.

In addition, potential benefits of a magnetic memory that does not utilize a read/write

head are truly random access and switching times that are not determined by the

mechanical motion of the head. A model of electrical conductivity known as the

two-current model can suggest an implementation of non-volatile magnetic random

access memory by performing the read and write operations using currents rather

than fields.

3.2 Implications of the Two-Current Model

Prior to 1934, there was a well-known, though unexplained, kink in the resistance of

magnetic metals as a function of temperature at the Curie point[27, 28, 29]. Mott first

applied the Drude model to band theory recognizing that the conductivity of the s

and d electrons could be written separately[30]. In this case, the overall conductivity
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is written,

σ =
nse

2τs
ms

+
nde

2τd
md

(3.1)

where n is the number of electrons per unit volume, e is the elementary charge, τ is

the scattering time and m is the effective mass of the electron. The effective mass

is related to the density of states at the Fermi level in that a high density of states

results in a high effective mass. Due to poor overlap between d-orbitals the density

of states as well as the effective mass is much greater for d-orbitals than s-orbital3.

md ≫ ms (3.2)

Conduction in transition metals is almost entirely due to electrons in the s band.

An electron in the s band may scatter into another s state or a d state. The

scattering time, τ , which is inversely proportional to the transition rate Qij , also must

be calculated quantum mechanically. For this, we invoke Fermi’s golden rule: the

transition probability is proportional to the square of the matrix element connecting

the two states and the density of final states.

Q ∝ ‖〈ψi|∆V |ψj〉‖2DOS(EF) (3.3)

Though a detailed understanding of the complex band structure of a transition metal

is needed to calculate these rates quantitatively, there is no reason, a priori, why the

matrix elements connecting s−s and s−d should be dramatically different. We have

already noted, however, the difference in the density of states. The conductivity of

the s-electrons is limited by scattering into d states:

σ =
nse

2τs−d

ms

(3.4)

If we apply the spontaneous band splitting picture presented in Section 2.2, we

3Because electrons are fermions, the exchange force causes overlapping wave functions to space
themselves out in energy, hence the low density of states. This is the same exchange interaction that
gives rise to magnetic stiffness, but with a different result.
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are left with the two current model for electrical conduction in a ferromagnet:

σ =
n↓e

2τ↓
meff

+
n↑e

2τ↑
meff

(3.5)

It is now assumed that τ refers to s − d transitions, n refers to s electrons and the

effective masses of the two channels are the same. We have also not included the

possibility that a scattering event could flip the spin of an electron. This is a good

approximation when considering transport through a thin film[31].

3.2.1 Giant Magnetoresistance

The 2007 Nobel Prize in Physics was awarded to Peter Grünberg and Albert Fert for

the discovery of Giant Magnetoresistance: a change in resistance of thin magnetic lay-

ers of metal depending upon the misalignment between their magnetizations. Though

the observation of GMR proved difficult until modern advances in metal deposition

allowed for synthetic antiferromagnets, the origin of the effect and its understanding

had goes back to Nevill Mott’s two current model of 1934.

Without spin flips, we can draw the simple circuit model shown in Fig. 3.1 to

explain giant magnetoresistance. The minority spin channel experiences a greater

resistance, labeled R, than the majority spin channel, whose resistance is labeled r.

In the case of antiparallel ferromagnetic layers, the equivalent resistance is (r +R) ‖
(r +R) or:

Req,↑↓ =
r +R

2
=

1

2

(r +R)2

(R + r)
. (3.6)

When the two ferromagnetic layers are parallel, the equivalent resistance is 2r ‖ 2R
or:

Req,↑↑ =
2rR

R + r
. (3.7)

The difference between the two is,

Req,↑↓ − Req,↑↑ =
1

2

(R− r)2
R + r

, (3.8)

which is always positive.
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Figure 3.1: The two current model with equivalent circuits in the absence of spin
flips, as described in the text.

In 1987, Grünberg and Fert independently observed a large change in electrical

resistance when they applied a magnetic field to thin ferromagnetic layers separated

by a non-magnetic spacer layer[32, 33]. The key to the discovery was that the RKKY

interaction4 caused the Fe layers to be antiferromagnetically coupled. This, combined

with precise material growth techniques using molecular beam epitaxy, led to the ex-

perimental observation of GMR. Unlike in a naturally antiferromagnetic material, the

coupling of the layers was weak enough that the magnetization could be aligned with

a technologically feasible externally applied magnetic field. The relative alignment of

the magnetization within the two ferromagnetic layers determined the resistance of

the circuit, as shown in Fig. 3.2.

In the early 1990’s, Stuart Parkin of IBM demonstrated that this effect could be

produced with sputtered films rather than epitaxially grown films. This discovery

allowed GMR to become industrially viable and revolutionized magnetic recording

by leading to the creation of the GMR read head. In such a device, the read head

is brought within close proximity of a magnetic bit on a hard drive. The free layer,

4The RKKY interaction leads to magnetic coupling that oscillates in sign as a function of distance.
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Figure 3.2: Giant magnetoresistance as it was presented in Ref. [32]. The three curves
represent three different thicknesses of the non-magnetic spacer layer. The data was
taken at 4.2K with epitaxially grown samples. The magnetic field was applied along
the [110] direction.

labeled F in Fig. 3.1, aligns with the stray field from the magnetic bit. The reference

layer, labeled Rf, has a fixed magnetization usually based on exchange bias5. The

difference in the resistance of the circuit allows the bit to be read. The magnetic

RAM bits studied in this thesis will use the same effect to read the state of the bit.

The difference between the two is lies in the write function. While the writing of bits

in conventional hard drives is achieved using an applied external field from a write

head, the magnetic bits presented here will switch under a sufficiently large current.

This is demonstrated by the hysteresis curves in Fig. 3.3.

5Exchange bias is an exchange coupling between an antiferromagnetic layer and a ferromagnetic
layer that results in a drastically increased coercivity of the ferromagnetic. It is not discussed in
detail here because the perpendicular pillars described in this thesis do not utilize exchange bias.

35



Figure 3.3: (Top) A conventional magnetic bit switching under an applied field. Only
the write function is shown here. The read function is accomplished with a GMR
read head described in the text. (Bottom) A spin-torque device, described in more
detail in later chapters. The hysteresis curve shows that the state can be read by
measuring the resistance near zero current, dV/dI(0), while the write process can be
performed by application of a larger current.
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3.2.2 Spin Transfer Torque Term

Spin-transfer torque and GMR are two sides of the same coin. When an electron is

incident upon a ferromagnetic metallic layer, there is a difference in scattering of spin-

up and spin-down electrons, respectively. In the two-current model, this manifested

itself as a difference in resistance for the two species. A simple problem in introductory

quantum mechanics is to calculate the transmission and reflection coefficients when

a free electron is incident upon a square barrier. The spin dependent Drude model is

at least strongly suggestive that these coefficients are not equal for the two channels.

By calculating the spin-current density on either side of such a barrier, it can be

demonstrated that there is a change of angular moment of the itinerant electrons.

A change in angular momentum and tantamount to a torque that must be exerted

on the ferromagnetic layer. Appendix A.2 provides some details on calculating spin

current density.

In 1996, John Slonczewski calculated the torque on two magnetic layers carrying a

current and separated by a thin paramagnetic metallic layer[34]. From this, he derived

an additional term to the LLG equation,

Ṡ1,2 = (Ieg/e)ŝ1,2 × (ŝ1 × ŝ2) (3.9)

where Si denotes the magnetization orientation of the ith layer. In this general case,

the current exerts a torque on both layers. If one of the layers is fixed either by

exchange coupling to an antiferromagnet or by virtue of a high coercivity, we can

consider just the effect on the free layer, now denoted M

ṀST = η(θ)
µBI

eV
M̂×

(

M̂× M̂fixed

)

. (3.10)

where η(θ) is a factor depending on the angle between the magnetizations of the

two layers and V is the volume of the free layer. This term can act like a nega-

tive damping parameter, which was also predicted by Berger[35] in the same year.

Slonczewski immediately recognized and patented the utility of such a structure for

magnet memory[36].
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3.3 Materials Exhibiting Perpendicular Magnetic

Anisotropy

In section 2.4.2, the spin-orbit (SO) interaction was identified as the mechanism

through which magnetocrystalline anisotropy (MCA) arises. In bulk 3d metals, the

orbital moment is essentially quenched (L = 0) so there is only a weak anisotropy

contribution from the crystal structure. Absent SO coupling, the direction of the

spin is completely isotropic and a ferromagnet will align along the direction given

by the shape anisotropy. Crystal structures with a low degree of symmetry see an

enhancement in SO coupling leading to an enhanced MCA. Certain 3d − 4f alloys

have a bulk MCA that can overcome the shape anisotropy create a perpendicular

magnetic anisotropy (PMA) in which the magnetization lies along the surface normal

of a thin magnetic film.

Neél proposed in a surface enhancement of the magnetocrystalline anisotropy in

1954 due to the reduced symmetry[37]. A simple model of MCA can be thought

of in terms of a ligand field theory. There are two main contributions to this en-

hancement: magnetoelastic and electronic. The magnetoelastic coupling results from

surface strain due to mismatching crystal parameters. The electronic contribution

to the surface MCA arises from splitting of the d-levels due to hybridization at the

interface even in the absence of strain. An example helps to clarify the difference: a

Pd/Co/Pd sandwich exhibits a PMA because there is a strong hybridization between

the xz and yz orbits on the surface of the Co-Pd interface. These electrons would

have an orbital moment in-plane. The d-states from the Pd involved in the hybridiza-

tion have a high energy, however, which pulls a good number of these states above

the Fermi-level. Electrons with a perpendicular orbital moment, those in the z2 and

x2 − y2 orbitals, are preferentially occupied leading to an orbital moment and spin

orbit coupling.

The magnetoelastic effects are related to magnetostriction. That is to say, the

elastic and magnetic properties of a material are coupled. This does not necessarily

lead to predictable results of PMA or in-plane magnetization based on lattice mis-

match. For example, Cu and Co have nearly identical lattice constants so Cu/Co/Cu
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Figure 3.4: From Ref. [39]. The total anisotropy vs bilayer thickness D. The ratio of
tNi/tCo is fixed at 2.2:1. Positive anisotropies correspond to a perpendicular magnetic
anisotropy while negative anisotropies correspond to an in-plane easy magnetization

sandwich structures have very little strain. This happens to be an in-plane material.

A sandwich structure with a large amount of strain, Au/Co/Au, also happens to be

in-plane. Pd/Co/Pd has a surface strain in between the prior two examples and, as

mentioned above, is perpendicular[38]. Electronic and strain contributions to MCA

remain theoretically difficult to calculate.

Theoretical and experimental efforts have also demonstrated PMA in materials

made entirely of ferromagnetic elements[39, 40]. Materials such as Ni/Co multilayers

provide an additional challenge because of the increased demagnetization field caused

by the additional magnetic moments. As a consequence, these materials tend to be

magnetically softer and form domain states.[18]. Typically, thickness parameters in
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the film growth can be varied to control the strength of the PMA. This is shown

in Fig. 3.4. It will be shown in the next chapter that, for perpendicular nanopillars

driven
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Chapter 4

Perpendicularly Magnetized

Metallic Nanopillars Driven by

Spin-Transfer Torque

4.1 Critical Currents: Stability Analysis using the

Macrospin Approximation

In the previous chapters, we introduced the concept of spin-transfer torque as it was

theoretically suggested by Slonczewski and Berger. Spin-polarized current-induced

magnetization dynamics have now been reported in many experimental works. Ex-

periments have focused on two main regimes: steady-state processional modes and

current-induced magnetic switching (CIMS). Devices exhibiting steady-state proces-

sional modes have been refer to as spin-torque nano oscillators and hold promise as

tuneable microwave oscillators.

More important to this thesis are CIMS devices in which a magnetic layer reverses

along a uniaxial anisotropy. These dynamics have been observed in a wide variety

of geometries including: point contacts, nanopillars (spin valves or tunnel junctions)

and nanowires with or without notches[16]. These systems are extensively studied, in

part, because they hold potential for applications in spin transfer magnetic memory
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(e.g. ST-MRAM)[41]. Interest in materials with perpendicular magnetic anisotropy

(PMA) has grown considerably as a pathway for lowering the critical current required

to switch the magnetization while maintaining thermal stability as compared with in-

plane systems[42]. To understand why, one can approach the LLG equation from

a stability analysis standpoint[43]. Using the macrospin approximation, the critical

switching current for in-plane nanopillars with a uniaxial shape anisotropy (meaning

the pillars are elliptical) is given by,

IP→AP
C ∝ αMSV

g(0)p

(

Hext +Hdip +HK‖ + 2πMS

)

(4.1)

IAP→P
C ∝ αMSV

g(π)p

(

Hext +Hdip −HK‖ − 2πMS

)

(4.2)

Here, MS is the saturation magnetization per volume V , α is the Gilbert damping

constant for the free layer, p is the spin polarization of the current and g is a factor that

depends on the relative angle of the fixed and free layers. The various components of

the effective magnetic field have been discussed in Sec. 2.3. Here, Hdip refers to the

dipole field on the free layer due to the magnetization of the fixed layer rather than the

internal dipole field. The internal dipole field is the familiar 2πMS term representing

the shape anisotropy. The effective field from the in-plane anisotropy is HK‖. In our

experiments, Hext = 01. Nonetheless, the critical current is slightly different starting

in the antiparallel magnetic configuration versus starting in the parallel configuration

due to assistance of the dipole field in one case and the hinderance in the other.

In contrast, the critical current for perpendicularly magnetized nanopillars is,

IP→AP
C ∝ αMSV

g(0)p
(−Hext −Hdip +HK⊥ − 4πMS) . (4.3)

IAP→P
C ∝ αMSV

g(π)p
(−Hext −Hdip −HK⊥ + 4πMS) . (4.4)

It is important to compare the critical current and the thermal stability. The thermal

1Actually, the external field is best approximated by the Oersted field from the current moving
through the pillar, as discussed previously. However, in the macrospin approximation, the net torque
exerted by the Oersted field is zero, so we neglect it here.
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stability is given by the magnetic energy due to the sample magnetization and the

smallest effective field barrier, i.e.

EBar =
1

2
M ×H =

1

2
MSV Hanis (4.5)

In other words, for an in-plane sample with a strong in-plane shape anisotropy in

one direction and a weaker uniaxial shape anisotropy owing to the pillars ellipsoidal

nature, the energy barrier is given by the weaker uniaxial anisotropy. Thus, for an

in-plane sample, EBar =MSV HK‖/2. For a perpendicular circular sample, the energy

barrier is the same in all directions. The perpendicular anisotropy is lessened by the

in-plane shape anisotropy so that EBar = MSV (HK⊥ − 4πMS)/2. This effective per-

pendicular anisotropy is familiar from the early measurements of materials exhibiting

PMA presented in Sec. 3.3.

If we consider the situation of zero applied field and negligible dipole field (a decent

approximation when the two layers are separated by a space layer), the critical current

in terms of the energy barrier is,

‖IC,⊥‖ ∝
α

g(0)p
EBar (4.6)

‖IC,‖‖ ∝
α

g(0)p
(EBar + 2πVM2

S) (4.7)

The critical current for a perpendicularly magnetized pillar is directly proportional

to the energy barrier, while, for in-plane systems, the critical current carries an ex-

tra term due to the in-plane shape anisotropy. This can be understood heuristically

because spin-driven switching involves a Gilbert precession of the magnetization and

must therefore act against anisotropies in all directions. For in-plane films, the mag-

netization must precess out of the plane in order to switch and, in doing so, compete

with the strong in-plane anisotropy. The energy barrier, however, is a simple ther-

mal flipping and competes only with the weaker uniaxial ellipsoidal shape anisotropy.

The situation differs in perpendicular materials where, by their nature, the system

has only a single uniaxial anisotropy.

The calculation above demonstrates why, to a large degree, interest in nanopillars
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exhibiting PMA has stemmed from investigations of the switching behavior using

a macrospin approximation[4]. Although reproducible ultrafast switching with high

efficiency has been demonstrated, the macrospin model has not been consistent with

all experimental results. To fully understand CIMS dynamic phenomena in PMA

materials, two time scales need to be considered: a long time scale dominated by

thermal activation[44, 45] and a short time scale dominated by angular momentum

conservation. Early studies on spin-transfer in PMA-based devices have been devoted

to a description of quasi-static phenomena on longer time scales. Only very recent

experiments have used time resolved transport measurement with current pulses as

short as 300 ps[44, 46]. These experiments have indicated the presence of intermediate

magnetic states forming during the switching process and are therefore inconsistent

with the macrospin approximation.

Prior to this thesis, however, no direct imaging of these systems has been available.

Previous research by this group using STXM to investigate in-plane samples have

yielded exotic dynamics very much not consistent with the macrospin approximation.

Strachan et. al., for example, found that, under certain conditions (particularly

for larger pillars), the magnetization could form a transient vortex. The authors

own illustration of such a vortex is shown in Fig. 4.1 Due to the thin nature of the

magnetic layers, however, there is no possibility of forming such a vortex with an in-

plane core in perpendicular nanopillars. It would simply cost too much in exchange

energy to have the magnetization be so non-uniform over such a small dimension.

Thus, spatially and time resolved measurements of in-plane switching are of little use

in understanding the transient states that are suggested by electronic measurements

to occur in perpendicular nanopillars.

In summary, there are three reasons why it is important to study perpendicular

magnetization in a spin-torque-driven magnetic nanopillar in a spatially resolved,

time resolved fashion:

1. The macrospin approximation demonstrates a clear advantage to perpendicular

magnetization as a pathway for lowering the critical current needed to switch.
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Figure 4.1: Illustration of a magnetic vortex like those seen to occur in in-plane
samples studied with time-resolved STXM measurements. The z-value of the mesh
plot represents the z-component of the micromagnetic magnetization. The surface is
provided for visual clarity. The arrows represent all three components of a microspins
magnetization.
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2. Experimental evidence has not been consistent with the macrospin approxima-

tion. Time-resolved electronic measurements have suggested non-uniformities.

3. Non-uniformities observed in in-plane samples are highly unlikely in perpendic-

ular systems. The nature of transient non-uniformities is unknown.

4.2 Device Characteristics and Fabrication

The basic structure of the metallic nanopillars is shown in Fig. 4.2. The nanopillars

consist of top and bottom contacts composed of Ta/Cu (50 nm) and Cu (15 nm)/Ta

(3 nm), respectively. These layers serve to protect the inner layers from oxidation

during later processing steps and, in the case of the bottom contact, to provide a

texturing in the (111) crystalline direction.

The fixed layer consists of two different types of magnetic multilayers exhibiting

strong PMA: (1) a first type of multilayer composed of Pd (2 nm/[Co (0.28 nm)/Pd

(0.8 nm)] x 5 and (2) a second type composed of [Co (0.2 nm)/Ni (0.7 nm)] x 2/Co

0.2 nm. The first multilayer structure, composed of Co and Pd, is included because

it exhibits a particularly high perpendicular magnetic anisotropy owing to interfacial

symmetry breaking and enhanced spin orbit interaction. The stiffness can be ap-

proximated by the Stoner-Wohlfarth model where, for small magnetic features, the

coercive field is closely approximated by the anisotropy, Hc ≈ Hk.This layer is nec-

essary to make the fixed layer magnetically stiff because of the spin-torque exerted

on the fixed layer by the free layer (which we would like to neglect) and to keep the

layer magnetically uniform.

The inclusion of the non-magnetic Pd layers and the corresponding spin-orbit

scattering combine for weak spin polarization effects. The second multilayer struc-

ture, composed of Co and Ni, improves the spin polarization of the transmitted and

reflected currents. The magnetization of this multilayer is kept fixed via exchange cou-

pling to the Co/Pd multilayer. Although the inclusion of this multilayer is necessary

to enhance the spin polarization, it has unfortunate implications for our measurement

that will be discussed in the following chapter. The overall coercive field for the fixed
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Figure 4.2: Metallic Layers in Nanopillar. Half layers correspond to an additional
layer of the first listed material, e.g. Co/Ni x 2.5 consists of Co/Ni/Co/Ni/Co.

layer is ∼ 10 kOe.

A 4 nm copper layer separates the free and fixed layer. This layer is included to

eliminate the exchange coupling between the two ferromagnetic. Simply by separating

the layers, the highly localized exchange interaction is greatly diminished. A second,

more subtle reason, is that the RKKY interaction controls the functional form of

the exchange coupling. This interaction is sinusoidal in nature so that the exchange

energy follows the form cos (kF r)/r
2. An appropriate spacer thickness can be chosen

so that the exchange interaction is very near a sign change and therefore close to zero

in magnitude. The dipole field originating from the fixed layer and acting on the free

layer2 may still play an important role in dynamics. Compared to in-plane devices,

where exchange bias creates a synthetic antiferromagnetic fixed layer with very little

stray field, no similar scheme is implemented in the perpendicular devices to reduce

stray field.

2Dipole fields originating from a layer acting on itself have been lumped into the shape anisotropy
and neglected.
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Both metals in the Co/Ni multilayer are naturally ferromagnetic. Enough inter-

facial anisotropy exists such that the magnetization lies perpendicular to the plane

of the film. Because Co/Ni has good polarization properties it is also susceptible to

being magnetically driven by a spin-torque. The spin filtering effect, from which the

polarization originates, implies that angular momentum is being left in the lattice

which means that a spin-torque has been exerted. This layer is magnetically soft

(Hc ≈ 5 kOe) so that magnetization dynamics can be incited within it.

The devices were fabricated by first depositing all of the metallic layers by DCmag-

netron sputter at 2mTorr Argon pressure onto ambient-temperature Silicon wafers

coated with Si3N4. The structure consists of a top contact, a nanopillar, a bottom con-

tact and a via between the bottom contact and the contact pads on the surface of the

device. These features are fabricated using electron beam (e-beam) lithography with

the negative e-beam resist hydrogen silsesquioxane (H8Si8O12). Upon exposure to the

e-beam, the hydrogen atoms are removed from the HSQ and substantial cross-linking

occurs converting the material to amorphous silicon dioxide. The SiO2 provides a

resistance to ion beam milling which removes metallic regions not protected by the

exposed resist. The following sequence of steps can be used to define structures: (1)

deposit HSQ and expose selected areas to an e-beam, (2) remove material not defined

by exposed HSQ via ion milling, (3) deposit aluminum oxide (AlOx) and (4) remove

excess AlOx (that which is on top of the HSQ defined regions) by some combination

of lift-off and chemical mechanical polishing. The ellipsoidal shape of the nanopil-

lar defined by the e-beam lithography reduces the symmetry compared to a circular

pillar and increases the probability that the magnetization reversal will occur in a

repeatable fashion. This is critical as our experiment is a pump/probe experiment.

A final optical lithography step was performed to create silicon nitride membranes

so that the samples could be measured in a transmission geometry. This was done

by coating the backside of the wafer with photoresist, performing a backside align-

ment step between a contact mask and the samples on the front side, exposing and

developing the resist in regions defined by the mask, removing the silicon nitride in

the defined regions using a reactive ion etch, and etching the silicon in areas defined

48



by the silicon nitride mask. The final etch step was performed in a 22.5% potas-

sium hydroxide (KOH) solution at 80 ◦C. Silicon nitride is resistant to KOH etching

causing the etch to stop when it reaches the nitride layer on the other side of the

wafer. The KOH etch of silicon is highly anisotropic and prefers to etch along the

Si(1 ±1 ±1) direction. The resulting etch is pyramidal in shape with a large opening

of ∼ 2mm2 on the backside and a small nitride window of ∼ 200µm on the frontside.

During the etch, the devices on the frontside of the wafer are protected from the

KOH by application of a thick layer of black wax. The black wax can be melted and

sandwiched between the wafer of interest and a quartz wafer and then glued on with

silicone rubber for added protection. Both quartz and silicone rubber, such as the

kind purchased at any hardware store, are resistant to KOH etch as well. This glu-

ing step was previously done with silicon nitride coated silicon wafer. These wafers,

however, are expensive, custom-made with a substantial lag time, and, since they

prone to scoring and scratching of the thin nitride layer, single use for this purpose.

Quartz wafers, in contrast, are cheap, readily available, and the entire wafer resists

KOH etch meaning that they can be re-used. The black wax is removed in a xylene

solution. The black wax process is extremely dirty, however, because the pillars are

so small, the probability of a remanent black wax particle residing on top of the pillar

is relatively small. Optical and STXM images of the pillar, as described in the text

above, are shown in Fig. 4.3.

The samples were removed from the wafer using a wafer saw into individual chips

containing a single devices and nitride membrane. The chips were then mounted

and wire bonded to custom printed circuit boards. The printed circuit boards were

soldered to sub-miniature version A (SMA) connectors so that current pulses could be

applied using external electronics. Resistance measurements were performed to verify

that the sample had not been destroyed during processing and that the magnetization

switched under the application of static pulses. Typical resistances were on the order

of 13Ω. The magnetic switching was verified by observing GMR.
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Figure 4.3: An overview of the sample structure that rests on the silicon nitride
membrane: (A) An optical image showing the top contact and pillar area, (B) A
STXM image showing the square in which the pillar lies, and (C) A STXM image
with magnetic contrast showing the nanopillar.
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Chapter 5

Time Resolved Scanning

Transmission X-ray Microscopy

5.1 Synchrotron Radiation

At first, synchrotron radiation was considered by an annoying side-effect of circu-

lar colliders by the high-energy physicists who built them. In a typical mode of

operation, these circular colliders, such as the Stanford Positron Electron Annihila-

tion Ring (SPEAR), would counter-rotate electrons and positrons before annihilating

them by colliding to the two beams. Though this technique was extremely fruitful1,

the particles in the collider would constantly lose some of their energy via synchrotron

radiation: the simple result of charged particles undergoing acceleration.

In the 1970’s, scientists began using synchrotron radiation, which occurred pri-

marily in the x-ray and extreme ultraviolet ranges, to study materials. By the early

1990’s, SPEAR had been dedicated for synchrotron science and the Advanced Light

Source was being commissioned. The production of x-rays from electrons in stor-

age rings has progressed since that time with the development of higher brightness

insertion devices. Whereas the original bend magnet was a simple dipole magnets

1Two discoveries at SPEAR were awards Nobel prizes in Physics. Burton Richter was awarded
the 1976 prize for his 1974 discovery of the charm quark. Martin Perl was awarded the 1995 prize
for his discovery of the τ -lepton in 1976.
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Figure 5.1: The Undulator Condition

designed to turn the electron beam, wiggler magnets consisted of a series of dipoles.

The electrons would therefore wiggle back and forth N times, where N is the num-

ber of magnets, before making their final turn. This corresponded to a factor of N

increase in the output brightness. Importantly, however, all photons are radiated

randomly. There is no lateral coherence as a result of the insertion device.

Photons from bend magnets and wigglers are emitted

randomly. They have no inherent coherence properties.

Both wiggler and bend magnets are still useful sources today, particular in appli-

cations where brightness is not as important as cost, simplicity of engineering, and

a broadband output spectrum. Undulators, however, have become the powerhouse

of insertion devices (IDs) where brightness and polarization control is paramount.

An array of small magnets again causes the electrons to wiggle back and forth. The

different between an undulator and a wiggler is two-fold: (1) the magnets are spaced

laterally by ∼ 1 cm in an undulator and∼ 25 cm in a wiggler, and, because of the short

spacing, (2) there is an enhancement in brightness at the undulator resonance condi-

tion. The undulator resonance condition, shown schematically in Fig. 5.1. Physically,

the resonance condition corresponds to the condition underwhich an electron will slip
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relative to a photon it produces by one wavelength over one undulator period, shown

as λu in the figure. The electron slips relative to the photon because of its slower

speed and increased path length. Because the phase of the electron oscillation always

matches that of the previous photons it has produced, photons from a single electron

are coherent. This is not true of photons produced by different electrons.

Photons produced by a single electron in an undulator

are coherent. Photons produced by different electrons

are not.

The undulator condition is given as a photon wavelength, λ by the equation,

λ =
λu
2γ2

(

1 +
K2

2
+ γ2θ2

)

(5.1)

where γ, the Lorentz factor, indicates the electrons’ energy, K, the undulator param-

eter, characterizes the strength of the undulator and, in particular, its magnetic field,

and θ is the angle between the electrons and the optical axis of the undulator. Be-

cause of the increased coherence, the brightness emitted by an undulator under these

conditions is proportional to the square of the number of poles and linear with the

number of electrons. The increase in brightness is critical to our experiment because

the magnetic signal obtained in transmission is extremely small. Undulator tuning

can be accomplished by changing the gap size, essentially effecting K in the equation

above. If an undulator is equipped with motors to allow for relative z-translation

(along the direction of the beam) between the two arrays, it can produce arbitrary

elliptical polarizations and is known as an elliptically polarized undulator (EPU).

This is also essential to our experiment, as it will rely upon circular x-rays by gener-

ating contrast via the x-ray magnetic circular dichroism effect (XMCD). In short, an

undulator beamline is a necessary component for these investigations.
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5.2 Studying Magnetism with X-rays

Soft x-rays, with energies in the range of about 500-1,000 eV, provide a number of

appealing properties for understanding transition metal systems:

1. Spatial resolution – The wavelength of soft x-rays is ∼ 1 nm, providing a sig-

nificant advantage in spatial resolution over optical lasers due to the diffraction

limit. The resolution is also better than what is typically available in scanning

probe (micro SQUID and MFM) techniques, however, their magnetic sensitivity

is unrivaled.

2. Time resolution – The pulse structure of the storage ring allows for a time-

resolution of ∼ 50 ps. While optical lasers can provide far better time resolution,

on the order of tens of femtoseconds, the temporal resolution provided by the

x-rays still allows for interesting time resolved experiments.

3. Elemental specificity – Soft x-ray energy often correspond to transitions be-

tween 2p and 3d atomic states in metals. Fig. 5.2 shows the x-ray absorption

cross sections for different elements as a function of energy. On top of the “edge

jumps” shown in the figure, resonance effects very near the edge give a factor of

2-5 increase in cross section for those particular elements. In a pillar consisting

of many metal layers, or in an alloy with differing sublattices, we can follow the

dynamics of a specific element. By tuning to 778 eV, for example, we can probe

only the dynamics of the iron sublattice in a CoFe alloy.

4. Bulk sensitivity – Because x-rays have a greater penetrating depth than vis-

ible light, x-ray techniques can provide bulk sensitivity in contrast to surface

sensitivity. This is particularly true in a transmission geometry.

The latter two properties, elemental specificity and bulk sensitive, combine to provide

an important experimental capability for probing the nanopillars described in the

previous chapter. Because we can measure throughout the thickness of a transmission

sample while tuning to a particular absorption edge, we have the ability to probe

specific layers in the sample. The layer that we are interested in studying is the free
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Figure 5.2: X-ray Absorption Cross Sections for electronic transistion of various metal.

layer. To do so, we tune to the nickel edge at 856 eV. Generally, its optimal to have

the element that one wishes to study in only the layer of interest. In this case, there

is also nickel in the fixed layer. However, because there is twice as much nickel in the

free layer and because the method is differential (we subtract out the static magnetic

signal), we are able to isolate the free layer. The feasibility of the measurement is a

question of signal-to-noise.

Magnetic contrast using x-rays is provided by x-ray magnetic circular dichroism

(XMCD). XMCD is very similar to the optical Kerr effect. Recalling the heuristic

picture of the Stoner model where the band structure is split for spin-up and spin-

down electrons, we can apply selection rules to optical transitions. These selection

rules require that optical transitions be spin conserving. Using Fermi’s golden rule,

in particular that the transition rate is proportional to the density of states at the

final state, and noting that the spin-split bands do not have equal densities of states

at the Fermi level, we can construct a hand waving argument for an absorption

difference between left and right handed circularly polarized light depending on the

magnetization of the sample. A more mathematical approach can be used to calculate

the actual matrix elements. The results of this type of approach are tabulated in the

thesis work of John Paul Strachan[47].
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Figure 5.3: X-ray Magnetic Circular Dichroism. On the left, the cyan absorption
curve corresponds to the parallel incoming angular momenta of the photons with
respect to the sample magnetization, orange corresponds to an antiparallel angular
momentum, while purple represents the average. The schematic on the right demon-
strates the spin conserving nature of optical transitions within a split band Stoner
picture
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An XMCD schematic is shown in Fig. 5.3. By taking left- and right-circularly

polarized spectra across both the L3 and L2 edges, it is possible to decouple the spin

and orbital contributions to the magnetic moment and get reasonably accurate values

for these quantities. Rather than exact quantitative measures of magnetic moments,

however, XMCD is generally more useful for imaging. For imaging applications, such

as the experiment presented here, one goes to a single energy where the XMCD signal

is maximized. For iron, as shown in the figure, that energy is 708 eV at the peak of

the L3 edge.

There are two important things to know about XMCD as they pertain to this

work: (1) XMCD measures the component of the magnetization along the axis of

the incoming photon’s angular momentum, and (2) by subtracting images taken with

left- and right-circular polarizations, we can generate magnetic images. The magnetic

contrast is calculated using,

M =
µ+ − µ−

µ+ + µ−
. (5.2)

This experiment is optimized for XMCD because the materials exhibit perpendicular

magnetic anisotropy. The measurements can be performed at normal incidence with

full magnetic contrast. It is now clear why the tuneability, polarization control and

high brightness provided by the EPU are critical features of the experiment.

5.3 Scanning Transmission X-ray Microscopy

For the present research, a scanning transmission x-ray microscope (STXM) at beam-

line 11.0.2 of the Advanced Light Source at Lawrence Berkeley National Laboratory

was used. A basic schematic of a STXM is shown in Fig. 5.4. In this device, light

from an undulator is fed into a plane grating monochromator for energy selection.

Monochromatic x-rays are then shone on a Fresnel zone-plate for focusing.

Zone Plates

In the x-ray regime, refractive lenses are untenable because the index of refraction for

common lens materials such as glass is very nearly unity. Reflective optics based on
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Figure 5.4: STXM Schematic

multilayers are effective at grazing incidence but cannot be used at normal incidence.

Instead, zone plates are the optics of chice for these applications. Zone plates are

diffractive lenses that function by blocking light that destructively interferes at the

focus and allowing light that constructively interferes at the focus. To accomplish

this, a pattern of concentric rings, shown in Fig. 5.5, is lithographically fabricated

to sequentially block and allow light. The dark regions are typically gold on top of

silicon nitride while the light regions are bare silicon nitride. The resolution of the

zone plate is given by the radius of its outer ring. The challenge in increasing zone

plate performance, and therefore STXM resolution, is one of fabrication techniques.

It is not only necessary to make smaller rings, but also to maintain enough gold

to block the destructive x-rays completely. This presents an aspect ratio problem.

State-of-the-art zone plates with a specified resolution of 20 nm were used in this

experiment, yielding the overall spatial resolution for the data. An order sorting

aperture, essentially just a simple sheet of metal with a small hole, is placed in front

of the zone plate to block the zero-order, unfocused, light that would otherwise swamp

the signal.
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Figure 5.5: Zone Plate Ring Pattern

Motion Stages and Raster Scanning

As the name suggestion, a STXM is not a full-field microscope but rather a scanning

microscope. The sample must therefore be raster scanned with respect to the beam

by motors. Course alignment is accomplished via stepper motors in the x, y, and

z directions (the latter useful for focusing), while piezoelectric stages perform the

fine motion and scanning. The piezoelectric motors are further tracked with a laser

interferometer to provide accurate positioning.

Initial alignment of the sample with respect to the beam is accomplished by first

zeroing the stages of a nearby optical microscope to the fiducial marks provides on

a standard sample holder. The standard sample holder is than switched with the

sample and the x and y positions of the silicon nitride membrane are established.

These positions are used as initial coarse positions for finding the membrane with the

x-ray microscope. Once the membrane is found, lithographic characteristics, such as

the waveguide, easily lead to the pillar.

The data used for analysis is done in point-by-point mode where the motors move

59



to the next position and data is collected for a predetermined amount of time (typ-

ically tens of milliseconds) before moving again. Larger scans used for finding the

sample, focussing, or taking overview images are done in line-by-line mode where the

motor controlling x motion does not stop for integration.

5.4 Timing Considerations

The light produced by synchrotrons is pulsed rather than continuous wave (CW). The

frequency of pulses is given by the radio frequency (RF) of the Klystrons. Klystrons

are amplifiers that feed a microwave signal into a waveguide where they interact

with the electron bunches. Electron bunches entering the waveguide with the correct

phase relative to the RF are accelerated. Klystrons are the method of choice for

accelerating charged particles in linear accelerators, such as the SLAC linac, as well

as synchrotrons. The klystrons at the Advanced Light Source (ALS) operate at

500MHz. The pulse structure of the ring is shown in comparison with the electronic

pump pulses in Fig. 5.6.

Although this repetition rate is fast enough to be considered CW for many ap-

plication, the magnetization dynamics excited in the perpendicularly magnetized

nanopillars occur on the scale of hundreds of picoseconds. The time resolution of

the experiment is determined by the x-ray pulse width which is approximately 50 ps.

This pulse width is the same as the electron bunch length as it moves through the

undulator. The electron bunch length, in turn, is determined by the quality of the

accelerator machinery including: the RF gun, the klystrons, chicanes, and focusing

elements.

A critical feature of the experimental setup is the ability to synchronize the current

pulses to the bunch structure of the ALS ring within a precision of 70 ps, yielding the

time resolution of the experiment[48, 49]. Synchronization was accomplished by first

locating the cam shaft pulses so that every other x-ray pulse in the ring corresponded

to a known phase of the current pump sequence. This is known as course timing.

Fine timing, knowledge of the relationship between the rising edge of the current

pulse and the center of the x-ray pulse, is done by measuring the x-rays on a 20GHz
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Figure 5.6: )(Top) The pulse structure of the ring. In a typical mode of operation,
there are two high intensity pulses separated by a gap on either side. These pulses
are called “cam shaft” pulses after the component in engines that controls ignition
timing. Here, they are used for absolute timing of pump signals with respect to x-ray
pulses. (Bottom) The x-ray probe pulse structure in blue and the electronic pump
pulse structure in green.
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sampling oscilloscope, and then measuring the rising edge of the current pulses in

the same manner. To eliminate different signal travel times between the sample and

the oscilloscope, we measure the current pulses from the output of the STXM at the

same position as the STXM diode. The delay on the current pulses is adjusted until

the overlap is optimized.

As presented in Fig. 5.6, the current pulse sequence was applied as follow: 4 ns

positive or “set” pulse/4 ns no current/ 4 ns negative or “reset” pulse/ 4 ns no current.

Voltages of ±748mV were applied during the set and reset pulses, respectively, corre-

sponding to a current density of ∼ 5×107A/cm2. The rise time of the current pulses

was 100 ps. By varying the delay between the x-ray probe and the current pulses,

we were able to measure the time evolution of the magnetization. The application of

the current pulses as well as the read-out and binning of the pulses according to their

location along the current pulses was performed using the so-called “time-machine”

developed and described previously by Acremann, et. al.
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Chapter 6

Nonuniform switching of the

perpendicular magnetization in a

spin-torque-driven magnetic

nanopillar

In this chapter, we present the results obtained by studying the CIMS mechanism

in PMA nanopillars at nanometer length scales and picosecond time scales using

scanning transmission x-ray microscopy (STXM) images taken while injecting a spin-

polarized current. This technique provides both short-time (70 ps) and high-spatial

(25 nm) resolutions. Direct imaging of the magnetization demonstrates that, after an

incubation time of ∼ 1.3 ns, a 100×300 nm2 ellipsoidal device switches in ∼ 1 ns via a

central domain nucleation and opposite propagation of two domain walls toward the

edges. Micromagnetic simulations are shown to be in good agreement with experi-

mental results and provide insight into magnetization dynamics during the incubation

and reversal periods. These images are further compared with micromagnetic simula-

tions. We demonstrate that, in 100×300 nm2 devices, CIMS starts with preswitching

dynamics that result in the nucleation of a reversed magnetic domain. The switching

mechanism is completed by two domain walls propagating in opposite directions and
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Figure 6.1: Schematic of the STXM experiment performed on a [Co/Ni]-based
nanopillar spin valve. The pulse sequence (current versus time) is shown on the
right. Letters (a), (b), (d), and (f), respectively, represent the STXM measurements
corresponding to the images shown in Fig. 6.2

their subsequent annihilation at the edge of the pillar. The delay time, domain nu-

cleation, and domain- wall propagation are discussed. High domain-wall velocity of

∼ 100m/s is measured and is shown to be consistent with micromagnetic simulations.

In order to image the magnetization reversal process, the STXM available on

beamline 11.0.2 at the Advanced Light Source (ALS) was used. Images of the spatially

resolved magnetic contrast with a time resolution of 70 ps were obtained as described

in Refs [50, 51, 7, 52]. Beamline 11.0.2 is equipped with an elliptically polarized

undulator (EPU) capable of providing arbitrary circular or linear polarization. In

our experiment, the incident beam was parallel to the surface normal as shown in

Fig. 6.1 and was focused by a zone plate with a 25 nm resolution. The photon energy

is tuned to the characteristic Ni L3 resonance edge. Note that Ni is present in both

free and reference layers but is 2.5 times more in quantity in the free layer. In the

following, we consider the magnetic configuration of the high-anisotropy reference

layer uniform and fixed, as confirmed by the simulation. The experiment is repeated
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Figure 6.2: Experimental STXM images of the magnetic contrast in a 100× 300 nm2

ellipsoidal nanopillar spin valve. Images (a)(e) have been taken at different times
during the CIMS reversal based on the setup shown in Fig. 6.1. Image (a) is the
initial state, and (f) is the final state. The color scale corresponds to the perpendic-
ular component of the free-layer magnetization, from parallel (P)(red) to antiparallel
(AP)(blue) with respect to the reference layer.

for both left- and right-circular polarizations to provide a magnetic contrast through

the x-ray magnetic circular dichroism effect[53]. The experiment provides, for one

specific element (nickel in our case), a measurement of the magnetization component

parallel to the incident light direction, i.e., along the PMA axis.

The pump show schematically in Fig. 6.1 is described in the previous chapter.

Figure 6.2 shows a typical switching event as electrons traveled from the free layer

to the reference layer. Therefore, the imaged CIMS process corresponds to the free-

layer magnetization switching from a parallel to an AP alignment with respect to the

reference layer magnetization. The experiment was carried out at room temperature

and in the absence of a magnetic field.

The preset image in Fig. 6.2(a) shows the free-layer magnetization state before a
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current pulse is injected into the structure. Images shown in Fig. 6.2 are obtained

by accumulating data while repeating the method described above. It is important

to note that, since our experiment uses STXM in a pump-probe mode, the images

show the perpendicular component of the Ni sublattice magnetization averaged over

a large number of pulse sequences. As a consequence of the averaging, this method

does not allow us to identify stochastic processes. Figure 6.2(b) shows that the

sample undergoes a so-called incubation time during which the pillar is subjected to

a spin-polarized current, but the free layer has not started to reverse its magnetic

orientation[54, 55]. After this incubation time, a central region of the pillar starts

reversing. This region of nucleation appears more clearly after 50 ps in Fig. 6.2(c).

Times quoted in Fig. 6.2 are given with respect to the first observed domain nucleation

[Fig. 6.2(b)] because of a possible offset in the absolute time.

To get a better understanding of the magnetization reversal, we performed a

three-dimensional micromagnetic calculation of the Landau-Lifshitz-Gilbert (LLG)

equation using the Scheinfein code[56] where the injected current pulse was taken

into account in the Slonczewski spin-torque term.[34] The calculations performed

considered a 100×300 nm2 ellipsoidal element mimicking the same stack as described

above where the reference layer is divided into 3750 cells and the soft layer is divided

into 1875 cells. The free-layer parameters were Ms = 650 emu/cm3 (0.650A/m)

and Ku = 2.7 × 106 erg/cm3 (2.7 × 105 J/m3). The reference layer had a saturation

magnetization Ms = 500 emu/cm3, and its magnetization was kept fixed along the

anisotropy axis perpendicular to the film plane. The intralayer exchange coupling

between cells is 2µerg (20 pJ/m) (for both layers), the current polarization is p = 0.35,

and the damping coefficient is α = 0.1.[43] Temperature was taken into account within

an initial 5 ◦ tilt of the free-layer magnetization. Current duration and amplitude were

4 ns and 15mA respectively. The electrons were injected from the free to the hard

layer starting with a parallel initial configuration. A sequence of those simulations is

shown in Fig. 6.3.

The micromagnetic simulations shown in Figs. 6.3(a)–(g) and the experimental

STXM results are in good qualitative agreement. The simulated incubation time and

switching time are 1.3 ns and 1.2 ns, respectively. The size of the nucleated domain
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Figure 6.3: A series of micromagnetic simulations showing the free-layer configuration
at different times (a)(f) during the CIMS process in a 100× 300 nm2 PMA nanopil-
lar. The color scale is the same as in Fig. 6.2 and corresponds to the perpendicular
component of the free-layer magnetization, from parallel (P)(red) to AP (blue) with
respect to the reference layer. Times are given with respect to domain nucleation.
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is smaller than 50× 50 nm2, and the domain-wall width is on the order of 20 nm nm.

The simulated domain walls are Bloch-like walls, but this information is not exper-

imentally confirmed because the STXM spatial resolution is about 25 nm. Rough

calculations based on successive experimental images in Figs.6.2(c)–(e), as well as

simulated results, lead to a domain-wall propagation speed on the order of 100m/s.

While fast domain-wall speeds have been observed in Co/Pt/AlOx systems, the results

presented here are achieved with 5 orders of magnitude less current density.[57, 58]

Note that simulations show a more dissymmetric nucleation and domain-wall propa-

gation (Fig. 6.3) than in the experimental images (Fig. 6.2). However, such behavior

may be artificially wiped out by the pump-probe nature of the measurements. The

position of the magnetization nucleation inside the free layer must result from the

addition of the dipolar field originating from the reference layer on the free layer and

the free-layer internal demagnetization field. Indeed, starting from a parallel (P) con-

figuration of the layer magnetizations, both these dipolar and demagnetization fields

favor a magnetization reversal at the ellipse center. On the contrary, we note that,

starting from the antiparallel (AP) state, the nucleation may occur at the edge of the

ellipse as favored by the dipolar field in this configuration. The relative amplitude of

the dipolar and demagnetization fields therefore has to be quantified.

Finally, information on the free-layer magnetic behavior during the incubation

time can be extracted from comparison between STXM data and simulation. Simula-

tions in Fig. 6.4(c) show the out-of-plane (Mz) and in-plane (Mx, My) components of

the free-layer magnetization during the incubation time. The prenucleation dynam-

ics features are a small amplitude oscillatory behavior of Mz correlated to dephased

Mx and My component oscillations. Mx and My oscillation amplitudes increase con-

tinuously until domain nucleation is reached. Such evolution is typical of a current-

induced magnetization precession that leads to switching over a certain magnetization

tilt angle. The precessional modes may be uniform[4] or nonuniform.[55] Figure 6.4(a)

corresponds to a STXM image taken at −250 ps where the minus sign indicates that

the image was taken prior to the nucleation. The component of magnetization along

the PMA axis is undoubtedly nonuniform over the pillar area when compared with

the preset image [Fig. 6.2(a)]. This experimental result is well described within the
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Figure 6.4: (a) Experimental image of the magnetization along the PMA axis in the
free layer at −250 ps where the color scale ranges from parallel (red) to AP (blue)
and the negative sign indicates that the image was taken prior to nucleation. (b)
The simulated magnetization in the free layer at −350 ps where the length of the
yellow arrows corresponds to the amplitude of the in-plane magnetic component. (c)
Simulated component of the magnetization along the PMA direction (Mz, left vertical
axis) as well as the two in-plane components(Mx and My,right vertical axis).

69



simulations. A symptomatic case of the non-uniformity during the incubation time

dynamics is shown in Fig.6.4(b). Although all the simulated spins precess as the cur-

rent is turned on, a localized area of larger amplitude precession is observed that is

continuously displaced during the incubation time and ultimately results in nucleation

within that region.

In conclusion, by using the nanometer-scale resolution of STXM measurements

combined with time resolution given by the ALS ring, we were able to investigate

CIMS dynamics driven by polarized current pulses in a PMA sample. We observed

that the fast switching is highly nonuniform for a 100× 300 nm2 ellipse. The STXM

observations are well supported using a micromagnetic calculation. Comparison

with simulations provides the details of the magnetization dynamics and the nu-

cleation/propagation process, which occur during the magnetization switching. The

non-uniformities observed in the magnetization during the incubation time and as the

switching occurs explain the previously reported discrepancies between experimental

results and the macrospin model.[44, 46] Future experiments designed to study the

impact of nonuniform magnetization on the switching speed and thermal stability

are needed as these are critical features in the development of spin-transfer magnetic

random access memory applications.
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Appendix A

Magnetics

A.1 Dipolar Magnetic Energy and Ferromagnetism

The purpose of this section is to use a back-of-the-envelope calculation to show that

dipole-dipole inter-atomic interactions cannot be responsible for room temperature

long-range magnetic order. We start with the energy of a dipole in a magnetic field1,

Udip−field = −m1 ·B (A.1)

where m1 is a magnetic dipole placed in a magnetic field B. The magnetic field

originates with the second dipole and takes the form,

B =
µ0

4π

[

3n(n ·m2)−m2

‖r‖3
]

(A.2)

where µ0 = 4π · 10−7 H/m is the permeability of free space and n is the unit vector

in the direction of the radial vector r. We assume the magnetic moments are equal

and co-axial so that the field and energy are both maximized. In this case,

Udip−dip =
µ0

2π

m2

r3
. (A.3)

1See J.D. Jackson, Classical Electrodynamics, Chapter 5 for details.[59]
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Using reasonable physical values of m ≈ µB ≈ 9.27× 10−24 J/T where µB is the Bohr

Magneton, and r = 1 Å where r is to taken to be the interatomic spacing, we obtain,

Udip−dip = 2× 10−23 J(0.1meV). (A.4)

The thermal energy, which causes random fluctuations in the magnetic moments, is

given by Utherm = kbT . The dipole-dipole interaction is only comparable or greater

than the thermal energy at temperatures less than ∼ 2 ◦K. We know, however, that

ferromagnetism is a room temperature phenomenon. This is due, not the dipole-

dipole interaction, but to the exchange interaction instead.

A.2 Spin Current Densities

The spin current density of a particle is a tensor because it has both a direction

of travel and a direction defining the spin. Therefore, in a two-dimensional system,

four components are necessary to define the spin current. Mathematically, the spin

current density can be defined classically as a tensor product,

Q = v ⊗ s (A.5)

where s is a vector describing the spin of a particle moving with velocity v. For a

particle moving at constant velocity and spin, we can define its propagation as lying

along the x-direction and its spin as lying in the xy-plane. The spin current density

is then,

Q =

(

Qxx Qxy

Qyx Qyy

)

=

(

sxv syv

0 0

)

(A.6)

It can also be defined quantum mechanically using the wave function of the par-

ticle. Recalling that s = σψ and p = −ih̄∇, one can write the quantum mechanical

spin current density as,

Q =
h̄2

2me

Im(ψ∗σ ⊗∇ψ) (A.7)

In Ref. [16], Ralph and Stiles show that, by taking a very generic wave function for a
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free electron,

ψ =
eikx√
Ω
(a| ↑〉+ b| ↓〉) (A.8)

there is a spin current with three components. When this spin current density is

incident upon a square potential barrier with differing heights for spin up and spin

down electrons, there is a change in the transmitted spin current density. This simple

model suggests the existence of spin transfer torque.
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