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The dynamics of individual magnetic domain walls in permalloy nano-

wires fabricated through focused ion beam patterning is presented in this dis-

sertation. The motion of an individual domain wall is detected directly via

magneto-optical Kerr polarimetry. In the basic measurement, the velocity of

the domain wall is measured over a range of external driving magnetic fields.

The velocity measurement is found to have two distinct linear regions separated

by a region with a negative di!erential. This measurement is then expanded

upon by varying the width of the nanowire and applying a DC current though

the nanowire.

The means by which the domain wall enters the nanowire from a con-

tinuous film is investigated. A pinning potential traps the domain wall at the

interface between the nanowire and continuous film at low magnetic fields.

Fields below the critical “injection” field allow the domain wall to overcome

vi



the pinning potential through a thermal activation mechanism. The critical

injection field is found to depend on the width of the nanowire.

A moving domain wall has been found to create a voltage across the

nanowire through which it traverses. The voltage produced is proportional to

the velocity of the domain wall and is on the order of hundreds of nV.
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Chapter 1

Introduction

Investigations of magnetic domain wall dynamics in nanostructures can

provide useful information for understanding some of the fundamental ques-

tions in the physics of ferromagnetism. This understanding has been an area

of interest recently as it will aid in the development of high performance mag-

netic devices. Experimental measurements of domains and domain dynamics

have been conducted for a number of decades, however techniques to probe

a single domain wall have been developed only recently. This thesis will de-

scribe a number of experiments that will further the understanding of magnetic

domain wall dynamics.

1.0.1 Outline

This thesis is organized in the following manner. Chapter 2 will describe

the basic concepts of magnetism, magnetic domain walls, and the magneto-

optical Kerr e!ect. Chapter 3 will describe the experimental setup. This

includes the fabrication of nanowires in Permalloy thin films using focused ion

beam patterning and a description of a high spatial resolution magneto-optical

Kerr e!ect polarimeter.
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In Chapter 4, measurements of domain wall dynamics are presented

along with variations due to the width of the nanostructures and the appli-

cation of DC current. Chapter 5 presents the concept of a pinning potential

at the interface between a nanowire and the continuous film of Permalloy

along with the ability of a domain wall to overcome this potential. Chapter 6

presents the measurement of voltage induced by a moving domain wall. The

final chapter will present overall conclusions as well as recommendations for

future work.
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Chapter 2

Background Theory

2.1 Ferromagnetism Basics

Ferromagnetism is a form of spontaneous magnetic ordering that can

occur in a number of metallic elements and alloys. This phenomenon results

from the interaction between electron spins known as the exchange interaction

[1, 2, 3]. A model of magnetism based on the exchange interaction between

local electrons was proposed by Heisenberg [1] with a Hamiltonian of the fol-

lowing form:

Ĥ = #
!

i,j

Ji,jŜi · Ŝj (2.1)

Here the sum is taken over distinct pairs of spins, Ŝi and Ŝj, at sites i and

j. Ji,j are the exchange constants representing the coupling between pairs of

electrons. The ground state of the system is described as ferromagnetic when

Ji,j is positive. In this state all the spins are parallel and oriented in the same

direction. The energy density associated with the exchange energy is given by:

Eex =
A

M2
|$ "M |2 (2.2)

where A is the exchange constant, a parameter of the material, and "M is the

magnetization, defined as the volume density of the net magnetic moment.
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The exchange interaction is isotropic as it does not favor any particular

direction. Experiments have shown, however, that ferromagnetic materials

are generally anisotropic and are more easily magnetized in specific directions.

This phenomenon is caused by a combination of the spin-orbit coupling and

an external or demagnetizing field.

The spin-orbit coupling is the magnetostatic interaction between the

intrinsic magnetic dipole moment of an electron and the magnetic dipole mo-

ment associated with the electron orbital motion. This interaction results in

the magnetization favoring certain lattice directions in single crystals. This

magnetocrystalline anisotropy energy density, Ean, can be generally written

as

Ean = K · f(#1, #2, #3) (2.3)

Here K is the anisotropy constant, f depends on the spatial symmetry of the

lattice, and #1, #2, #3 are the directional cosines of the magnetization with

respect to the lattice primitive vectors. The directions for which "M gives

maxima and minima of Ean are respectively defined as the hard and easy

axes. The simplest example is uniaxial anisotropy where Ean = K cos2(#).

Magnetic anisotropy can also be induced by material growth conditions and

physical size restrictions.

When an external magnetic field "H is applied to a ferromagnetic ma-

terial the energy density is given by

EH = # "H · "M (2.4)
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This energy is minimized when the magnetization is parallel to the applied

field.

Even without an external magnetic field, a field known as the demag-

netizing field exists. The demagnetizing field is the field each magnetic dipole

sees as the result of being situated among all other dipoles in the material.

The energy density associated with this demagnetizing field, "Hdemag, is

Edemag = #1

2
"Hdemag · "M (2.5)

When the demagnetizing field extends beyond the physical borders of the

material it is known as the stray field. The demagnetizing field of a uniformly

magnetized ferromagnetic ellipsoid, for example, is given as

µ0
"Hdemag = D · "M (2.6)

Here D is the demagnetizing tensor with the diagonal components known

as the demagnetizing factors. The directions with the lowest demagnetizing

factors are the directions in which the material is most easily magnetized. In

a thin film, approximated by an infinite plane, the demagnetizing factor in

the plane Dx,y = 0 while the demagnetizing factor perpendicular to the plane

Dz = 1. The preferred magnetization is then in the plane. For an infinite

strip aligned with the x-axis, Dx = 0, Dz " 1, and Dy % Dz. The preferred

magnetization will be along the axis of the strip.

The combination of these various interactions generally gives rise to an

overall structure of the magnetization within a ferromagnetic material. Re-

gions of uniform magnetization are called domains. Magnetic domains are
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separated by narrow regions of rapidly changing magnetization known as do-

main walls. These structures will be discussed in more detail in the following

section.

2.2 Magnetic Domain Walls

The formation of magnetic domains and domain walls in a ferromag-

netic material is a result of the minimization of the energies associated with

the exchange interaction, the anisotropy, the demagnetizing field, and external

fields. For instance, in thin films of magnetic material it has been shown [4]

that a magnetic configuration with minimal stray fields is only possible with

the introduction of domain walls.

A single domain structure will produce large stray fields as shown in Fig

2.1a. In order to minimize the energy created by the stray fields, the formation

of closure domains is energetically favorable in most cases. A classic closure

domain structure is shown in Fig 2.1b. The increase in energy resulting from

the exchange energy and anisotropy energy are generally much smaller than

the decrease that results from minimizing the stray fields.

Domain walls are classified into two types, Bloch and Néel. In a Bloch

wall, the magnetization in the domain wall rotates out of the plane created

by the magnetization on either side. Néel domain walls, which generally are

present in magnetic thin films, consist of rotation that remains in the primary

plane of magnetization. Examples of 180! Bloch and Néel domain walls are

shown in Fig 2.2a. The magnetization in each wall rotates continuously from

6



(a) (b)

Figure 2.1: A single domain structure (a) will have large stray fields. The
stray fields are minimized by the formation of closure domains (b).

one side of the domain wall to the other. The edges of the domain wall are

indicated by the dotted red lines.

In a thin strip of magnetic material, the magnetization will align along

the length of the strip. When a 180! Néel wall is introduced into the strip, the

direction of the magnetization on either side of the domain wall is described

as either a head-to-head or a tail-to-tail configuration, as shown in Fig 2.2b.

In the absence of external fields, the distribution of spin angles $ within

a domain wall can be calculated by minimizing the sum of the exchange energy

and the anisotropy energy [1]. Here the exchange energy is given as Eex =

A(!"
!x)2, from Eq (2.2), and with a uniaxial anisotropy the anisotropy energy

is given as Ean = K cos2(#). Using a minimization technique, the resulting

7



Bloch Wall

Néel Wall

Head-to-Head Domain Wall

Tail-to-Tail Domain Wall

(a)

(b)

Figure 2.2: The two types of domain walls (a), Bloch and Néel. The red
dotted lines represent the edges of the domain walls. Néel walls are generally
present in thin films. In a strip of magnetic thin film (b) Néel domain walls,
represented by the blue line, will generally form either a head-to-head or a
tail-to-tail domain wall.
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spin angle distribution is given as

x($) =

"
A

K
ln

#
tan

#
$

2
+

%

4

$$
(2.7)

From this equation, the domain wall width would appear to be infinite. An

e!ective domain wall width is conventionally defined as the length of a wall

in which the spin rotation at the center of the wall remains constant over the

length of the wall. The domain wall width then becomes

# = %

#
&x

&$

$

x=0

= %

"
A

K
(2.8)

The spin angle distribution of Eq (2.7) is shown in Fig 2.3. The dotted line

represents the e!ective domain wall width of Eq (2.8).

!

x

!
K

A

Figure 2.3: The spin angle distribution in a domain wall in a material with
uniaxial anisotropy. The dotted line represents the e!ective domain wall width.
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2.3 Magnetic Domain Wall Dynamics

A single magnetic dipole moment "M placed in a magnetic field "H ro-

tates around the field axis with a rate proportional to the field torque:

d "M

dt
= #' "M & "H (2.9)

where ' is the electron gyromagnetic ratio. In order to adapt Eq (2.9) to

describe the dynamics of the magnetization "M inside a ferromagnet "H is as-

sumed to be the e!ective field (the combination of the external, exchange,

and demagnetizing fields) and a damping term must be added to describe the

magnetization relaxation towards the e!ective field axis:

d "M

dt
= #' "M & "H + #'

"M & ( "M & "H)

M
(2.10)

Here # is the damping parameter. Eq (2.10) was originally proposed by Landau

and Lifshitz [5]. Another version of this equation was proposed by Gilbert [6]

who replaced the field torque part of the damping term with the time derivative

of the magnetization d #M
dt :

d "M

dt
= #' "M & "H + #

"M & d #M
dt

M
(2.11)

Eq (2.11) is known as the Landau-Lifshitz-Gilbert (LLG) equation. Eqs (2.10)

and (2.11) are equivalent when the damping constant is small (# % 1).

The magnetization can be phenomenologically approximated as a phys-

ical vector in a viscous medium. From this approximation a relationship be-

tween the field magnitude and the domain wall velocity can be derived. We

10



start with a head-to-head domain wall and apply a magnetic field in the +x

direction. In order to lower the magnetostatic energy, the domain wall will

move in the +x direction. The magnetization will initially be in the #x direc-

tion and will rotate from #x to +x as the domain wall moves. In doing so, the

magnetostatic energy in a volume V is changed by the amount #2MHV . This

energy is dissipated through the torque on the viscous medium, #A(d"
dt )V , as

it rotates from $ = 0 to $ = %.

2MHV =

% $

0

A

#
d$

dt

$
V d$ (2.12)

Here A is a viscous damping constant and d"
dt is the angular velocity of the

vector. We can relate angular velocity to the domain wall velocity, v = dx
dt .

d$

dt
=

dx

dt

d$

dx
= v

d$

dx
(2.13)

Plugging Eq (2.13) back into Eq (2.12) gives us the domain wall velocity as a

function of the applied field, H

v =
2MH

A ·
& $

0 (d"
dx)V d$

= µH (2.14)

where µ is the domain wall mobility.

2.4 The Magneto-optical Kerr E!ect

The magneto-optical Kerr e!ect (MOKE) is a simple way to study the

magnetization in thin films with a reflective surface. The e!ect occurs when

linearly polarized light is reflected o! of a magnetic material. The magnetiza-

tion of the surface causes characteristics of the reflected beam to be changed
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by a small amount. These changes can be measured and used to determine

information about the magnetization state of the material.

While a full microscopic view of MOKE involves the interaction be-

tween the spin polarization and the quantum-mechanical spin-orbit coupling

[7], here it will be described by a classical interaction between the polarized

incident light and the electrons at the surface of the reflecting material. The

polarized beam will cause these electrons to oscillate along the electric field di-

rection. The magnetization of the sample, "M , causes the oscillating electrons

to experience the Lorentz force, "FL = "E & "M . The Lorentz force induces a

secondary motion in the electrons perpendicular to the electric field. This sec-

ondary motion adds a component to the electric field causing the polarization

of the reflected beam to be rotated relative to the incident plane of polariza-

tion. The rotation of the reflected beam can be measured by using analyzing

polarizers to measure the scalar components of the polarization vector.

There are three distinct geometries for MOKE measurements depend-

ing on the orientation of the magnetization of the material being measured

[8, 9] as shown in Fig 2.4. In the polar configuration, the magnetization is

normal to the surface. The polar e!ect rotates the plane of polarization of the

reflected beam and is strongest when the incident beam is perpendicular to

the surface. In the transverse configuration, the magnetization is parallel to

the surface and perpendicular to the plane of incidence. The transverse e!ect

does not rotate the polarization, but if the beam is polarized in the plane

of incidence the reflected intensity will depend on the magnetization. In the
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longitudinal configuration, the magnetization is parallel to the surface and par-

allel to the plane of incidence. The longitudinal e!ect rotates the polarization

with an angle that is proportional to the magnetization.

Transverse
M

Longitudinal

M

M
Polar

Figure 2.4: The three MOKE geometries describe the relative orientation be-
tween the magnetization of the material and the polarized light source. The
three geometries are polar, transverse, and longitudinal. The rotation of the
polarization of the light source, in this case a polarized laser indicated by the
red line in a plane perpendicular to the material, depends on the magnetization
of the material.
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Chapter 3

Experimental Setup

3.1 Device Fabrication via Focused Ion Beam Pattern-
ing

Each device used in the experiments described in this thesis was fabri-

cated from a thin film of permalloy (Py), an alloy of nickel and iron (Ni80Fe20).

The permalloy film was grown with tantalum capping layers into a structure

of Ta(3 nm)/Py(20 nm)/Ta(5 nm) on a 125 µm thick substrate of thermally

oxidized Si(100) using DC magnetron sputtering at room temperature. Struc-

tures were then created in the continuous film by removing material using a

focused ion beam (FIB). The FIB system (FEI Strata DB235) removes surface

atoms by bombarding them with a focused beam of highly energetic Ga+ ions.

This system can create patterns with a spatial resolution of " 5 nm.

The structures used in this thesis are referred to as nanowires as the

width of the narrowest is on the order of a few hundred nanometers and the

length is much larger than the width (L ' w). Permalloy is removed via

FIB from two rectangular shaped areas at least 35 µm in length, 6 µm wide,

and separated by a distance that defines the width w of the nanowire. The

resulting structure is a nanowire of width w connected at both ends to the

continuous film of permalloy. For all nanowires, the ion beam accelerating
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voltage was set to 30 kV and the aperture was set to limit the beam current

to 100 pA.

Material is removed from these rectangles using two raster modes. A

schematic layout of the material removed is shown in Fig 3.1. The majority of

the material is removed in the normal mode where the ion beam scans through

the entire rectangle. This causes the area to reach a fraction of the intended

depth. After each additional scan of the area, the rectangle increases in depth

until it reaches its final depth.

The final amount of material is removed from the edge of the nanowire

in what is called the “cleaning cross section” mode. In this mode the ion

beam removes a single line at a time to the intended depth. The initial line

is made adjacent to the previously removed rectangular area. The ion beam

then removes subsequent lines increasing the size of the rectangular area of

removed material until the intended width is achieved. The final line of ma-

terial removed becomes the edge of the nanowire. This method allows for a

much cleaner edge to the nanowire than if the entire area was removed in the

normal raster mode.

A single domain wall can be studied by removing material from one

end of the wire, disconnecting it from the continuous film, and creating a

point in the resulting nanowire end. The point discourages domain walls from

nucleating at the end of the nanowire. Domain walls then only enter the

nanowire from the continuous film. An example of this type of nanowire is

shown in Fig 3.2. A discussion of the dynamics of a single domain wall in this
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Cleaning Cross Section
Nanowire

Cleaning Cross Section
w

Permalloy

Removed Material

Figure 3.1: A schematic of material removed from the continuous permalloy
film resulting in a nanowire of width w. The larger rectangular areas are
removed using the normal raster mode. The areas along the nanowire edges
are removed via the cleaning cross section mode with the final line of material
removed forming the edge of the nanowire.
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configuration can be found in Section 4.2.

Continuous Py Film

Removed Material

Nanowire

Figure 3.2: An example of a nanowire with one end cut created by removing
material from a permalloy film using a focused ion beam. This configuration
is used to study a single domain wall.

If both ends of the nanowire remain connected, two domain walls of

opposite orientation (one head-to-head and one tail-to-tail) can be observed.

One domain wall will enter the nanowire from each end and move towards

the center. An example of this type of nanowire is shown in Fig 3.3. This

configuration can be used to study the influence of electric current on the

motion of the domain walls if one end of the nanowire is electrically isolated

from the other end. This is accomplished by creating a contact pad in the

continuous film on one side of the nanowire as shown in Fig 3.4. Measurements

in this configuration are discussed in further detail in Section 4.4.

The FIB fabrication process is versatile enough to make nanowires of

17



Both ends of nanowire connected

Figure 3.3: A nanowire with both ends connected created by removing material
from a permalloy film using a focused ion beam. This configuration can be used
to study domain wall dynamics under the influence of current by electrically
isolating one end of the nanowire from the other.

any width necessary. Nanowires of widths from 200 nm to 3 µm have been

studied. A detailed analysis of the e!ects of this width variation is presented

in Section 4.3

In addition to the removal of material, the FIB system has a gas injec-

tion system (GIS) that can deposit platinum. The system uses an organometal-

lic compound with Pt at the center. This compound is evaporated through a

pinhole into the FIB system chamber. The gas interacts with the ion beam

causing the Pt to be released from the molecule onto the sample. Patterns are

formed in the same manner as the patterns for the removal of material. This

function allows non-magnetic metal, Pt in this case, to be deposited on the

permalloy structures to be used in electrical measurements.

The FIB system is also equipped with a nanomanipulator (Zyvex S100).
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Contact Pad

Nanowire

Figure 3.4: A contact pad made with FIB in a permalloy film. The dimensions
of this contact pad are of su"cient size to allow a wire bond contact to be
applied for current measurements.
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This consists of four miniature XYZ stages that can be mounted around the

sample stage inside the FIB system. Each stage has a 12 mm range in each

direction. A piezoelectric tube is mounted on each stage for fine position ad-

justments. A sharp, rigid probe is then attached to the end of each piezoelectric

tube. Each probe has an electrical connection to outside the FIB system so

that the probes can be used for various measurements. For the purposes of

these experiments, the probes were used for in situ resistance measurements

of nanowires. Since there are 4 probes, resistance can be measured in either

the two or four probe configurations. Fig 3.5 shows the tips of the probes in

a four probe resistance measurement configuration.

3.2 Magnetization Measurements with a MOKE Po-
larimeter

Domain wall dynamics can be probed using the magneto-optical Kerr

e!ect, or MOKE, described in Section 2.4. This section will describe the

MOKE polarimeter used to measure the domain wall dynamics described in

the following chapters. This custom built polarimeter can make measurements

with a spatial resolution of " 1 µm and a temporal resolution of less than 2

ns [10]. A diagram showing the schematic setup of the MOKE polarimeter is

presented in Figure 3.6.
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Figure 3.5: Nanomanipulator probes inside the FIB chamber allow for in situ
electrical measurements. Here the probes are configured for a four probe re-
sistance measurement.
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Figure 3.6: A schematic of the components for the MOKE polarimeter.
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3.2.1 Polarimeter Optics and Signal Acquisition

The light source for the polarimeter is a solid state laser (CrystaLaser

RCL-658-50) with an operating wavelength of 658 nm and a maximum power

output of 50 mW. The beam is polarized by a Glan-Taylor prism polarizer

before being sent through a &20 beam expander. This expands the beam to

the size of the focusing lens, a &10 microscope objective with a 0.28 numerical

aperture. The microscope objective is mounted on a commercial 3-axis manual

flexure stage with on axis aligned with the beam. This allows the size of

the focused laser beam on the sample to be adjusted. The beam is then

incident at 45! to the sample. The reflected light is then collected by a 25

mm diameter convex lens with a "0.33 numerical aperture to approximately

match the microscope objective. This matching is to ensure that all of the

light from the reflected beam is collected.

Since the signal from the MOKE rotation is small, a di!erential method

of detection is used to minimize unwanted signals. A 50/50 non-polarizing

beam splitter divides the reflected beam into two equal sub-beams. These

beams are sent to two Glan-Taylor polarizers at polarizing angles of +# and

##. The di!erential signal is the di!erence between the two transmitted

intensities. This method also removes noise from fluctuations in beam intensity

and any mechanical vibrations of the various optical surfaces.

For the high-bandwidth measurements taken in these experiments, fast

photomultiplier tubes (PMT) (Hamamatsu R1894) were used for photodetec-

tion. The output for each PMT is amplified by two Stanford Research Systems
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SIM914 pre-amplifiers. Each pre-amplifier has a &5 gain, a 350 MHz band-

width, and is DC coupled. The amplified signals are then subtracted by a 500

MHz di!erential amplifier probe (LeCroy AP033) that sends the di!erence

signal to an 8-bit, 1 GHz-bandwidth digital oscilloscope (LeCroy WavePro

960).

The polarimeter is equipped with a microscope to aid in the alignment

of structures relative to the magnet system and of the laser relative to the

structures. This microscope consists of a CCD camera (Princeton Research

Pentamax) that feeds images to a computer and a long focal length reflecting

microscope (Questar QM-100). On-axis illumination of the sample is accom-

plished by placing a prism inside the microscope and illuminating it with a

150 W tungsten fiber-optic light source.

3.2.2 Polarimeter Magnet System

The magnet system used to drive domain walls in each device is custom

built for high-bandwidth measurements. The magnet system is based on a

step-down ferrite-core transformer with a 4:1 turns ratio. Magnetic fields are

created by passing current through a 4 mm long, 500 µm wide copper wire on

the secondary winding of the transformer. This magnet wire has a semicircular

cross section and is soldered between two 1/4 inch thick copper electrodes. The

magnet system can generate currents up to 15 A at frequencies from DC to

"20 MHz.

The semicircular wire produces an axial magnetic field. When a 125
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µm thick substrate is placed on the flat side of the wire, the in-plane field at

the surface of the substrate has a value of "5 Oe/A. The field is uniform to

within 5% over a distance of at least 200 µm in the plane of the substrate and

perpendicular to the wire.

In order to measure the magnetic field produced by the wire, the cur-

rent is monitored using a 200 MHz passive inductive current monitor (Pearson

model 2878) on the secondary coil side of the transformer. This current mon-

itor is electrically insulated from the magnet system and can measure current

peaks up to 100 A. The primary input of the magnet system is driven by

a solid-state amplifier (Amplifier Research 150A-100B) with a 10 kHz - 100

MHz bandwidth and 150 W maximum output. This is in turn driven by a

signal generator (Standford Research Systems DS345) with a DC - 30 MHz

bandwidth.

The magnet system is mounted on a two-axis translation stage (Daedal

800,000 series) that is mounted vertically on the optical table. When the

sample is mounted to the magnet, this allows the sample to move relative to

the position of the laser spot while remaining fixed in relation to the magnet.

The stepper motors that move the translation stage have a step size of "20

nm.

In addition to the high frequency magnet, the system also includes a

single Helmholtz coil magnet. This magnet can be used to provide a DC bias

field to a sample mounted on the high frequency magnet.
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The operation of the polarimeter is computer controlled using software

written in LabVIEW. The digital oscilloscope and signal generator are con-

trolled over an IEEE bus. The translation stage for the sample and magnet

system are controlled using a RS232 bus. The software includes functions that

will scan the sample with the translation stage while collecting MOKE data

at each point as well as custom magnet waveform design using the arbitrary

waveform function of the signal generator.
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Chapter 4

Domain Wall Dynamics

The discovery of giant magnetoresistance (GMR) in 1988 [11, 12] was

the impetus that led to the development of electronic devices that utilized the

spin state of electrons to a large degree. This new technology is referred to as

magnetoelectronics or, more commonly, spintronics [13]. The concepts of GMR

were quickly developed into read heads for hard disk drives [14, 15, 16], allowing

for the sharp increase to the density of information storage seen in computers

and other devices today. Another spintronic device already in production is

magnetic random access memory (MRAM) that uses the concept of tunneling

magnetoresistance (TMR) in the form of magnetic tunnel junctions (MTJ)

[17, 18, 19].

Other devices have been suggested that utilize the manipulation of

magnetic domain walls. Memory [20, 21] and logic devices [22, 23, 24] with

domain walls acting as information carriers have been proposed with the pos-

sibility of moving the domain walls with either magnetic field or current [25].

In order to determine the feasibility of these devices, detailed models and ex-

perimental measurements must be developed. One important characteristic

of domain walls is the mobility, or the change in velocity with a change in
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external magnetic field or applied current. This chapter will describe the first

mobility measurements conducted on a single domain wall [26] followed by

expansions on this measurement by varying the width of the nanowire and

applying current through the nanowire.

4.1 Measurement Methods

In order to measure and study the dynamics of magnetic domain walls,

nanowires are fabricated out of a thin film of permalloy using a focused ion

beam (FIB) as described in Section 3.1.

The nanowire structure is mounted onto the MOKE polarimeter using

a circular macor piece to hold the substrate against the semi-circular magnet

wire. The nanowire alignment is verified with the aid of the polarimeter mi-

croscope. The nanowire must be aligned such that the magnetic field resulting

from the current in the magnet wire is parallel to the nanowire. The micro-

scope is also used to ensure that the nanowire is located as close to the center

of the magnet wire as possible.

In this configuration the magnetization of the nanowire will be in the

plane of incidence of the polarimeter laser beam. The polarimeter is setup

to measure changes in the longitudinal component of the magnetization by

choosing the beam polarization to be perpendicular to the plane of incidence

(“s” polarization). The reflected beam carries the Kerr signal induced by the

nanowire magnetization. The magnitude of this signal is proportional to the

fraction of the beam that is reflected o! of the wire. Therefore it is necessary
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to have the beam centered on the nanowire and for the beam to have the

smallest possible diameter.

The beam size is measured by scanning the beam across a cleaved edge

of the substrate and measuring the reflectivity. The resulting intensity profile is

fitted with an error function and the di!erential profile is fitted with a Gaussian

whose width represents the beam diameter along the scanning direction. The

beam diameter can be adjusted by moving the microscope objective along the

laser beam with the flexure stage on which the objective is mounted.

Once the beam size is properly adjusted, the beam is approximately

aligned with the nanowire using the polarimeter microscope. The exact coor-

dinates of the nanowire are then determined by creating a susceptibility map

of the area. This is accomplished by applying a 10 kHz bipolar square wave

to the magnet wire with an amplitude that will saturate the nanowire in both

directions. The Kerr signal is measured by a lock-in amplifier locked to the

frequency of the square wave. A two dimensional scan of the magnetic sus-

ceptibility of a nanowire compared to a SEM image of the same wire is show

in Figure 4.1.

Once the beam is centered on the nanowire, the velocity of a domain

wall traveling through the wire can be measured. This is accomplished by

applying a cyclic magnetic field waveform to the nanowire and measuring the

Kerr signal at equally spaced points along the nanowire. The waveforms con-

sist of a large pulse that will saturate the nanowire in one direction followed

by a second pulse in the opposite direction. The second pulse is adjusted such
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Figure 4.1: The magnetic susceptibility and SEM images of a nanowire. The
susceptibility signal is the result of a lock-in amplifier measuring the MOKE
signal at the frequency of a saturating square wave magnetic field. The darkest
coloration in the susceptibility image represents a lack of MOKE signal.
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that it creates a constant magnetic field during the entire transit time of the

domain wall through the nanowire. During each cycle of the waveform, the

magnetization of the extended film will switch directions before the magne-

tization of the nanowire due to the shape anisotropy of the nanowire. This

causes a domain wall to become trapped, or pinned, at the boundary between

the nanowire and the continuous film. The domain wall is then “injected”

into the nanowire and propagates along the nanowire. The mechanics of this

injection are discussed in more detail in Chapter 5.

Figure 4.2 shows examples of Kerr signal transients resulting from the

domain wall passing through the focused laser spot at subsequent points along

the nanowire. The Kerr signal transients are averaged over at least 40,000

cycles in order to improve the signal to noise ratio. These transients show that

the further from the domain wall injection point the Kerr signal is measured,

the later the delay in the magnetization reversal of the nanowire. This indicates

that the nanowire reverses its magnetization through the motion of a single

domain wall moving from the continuous film along the length of the nanowire.

Each transient is fitted with an error function and the center of the error

function defines the time of reversal. The velocity of the domain wall can then

be calculated from the position of the laser beam along the nanowire and

the time delay of magnetization reversal. This velocity measurement method

is used to study the behavior of the domain wall while varying the driving

magnetic field (Sec. 4.2), varying the width of the nanowire (Sec. 4.3), and

applying a DC current (Sec. 4.4).
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Figure 4.2: Kerr signal transients measured along a nanowire. As the laser
spot moves along the nanowire the time of reversal increases. The position
and reversal time data is then used to calculate the domain wall velocity.
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4.2 Field Driven Domain Wall Dynamics

In order to characterize the motion of a magnetic domain wall, the

mobility of the domain wall is measured. The mobility is defined as rate of

change of the velocity of the domain wall with increasing applied magnetic

field. This section presents the simplest model of domain wall mobility and

experimental measurements of the domain wall velocity over a broad range of

applied magnetic fields.

4.2.1 Model for Domain Wall Motion

The basic model that is used to describe the behavior observed in the

velocity measurements begins with a static domain wall placed in a single

line of spins. Permalloy films will have Néel type domain walls below a film

thickness of 30 nm [27, 28]. Néel walls are energetically favorable due to the

large out-of-plane demagnetizing factor at these thicknesses. Since the films

used for these measurements are 20 nm, we assume the domain walls to be

Néel type.

We start with a domain wall with zero external field and then apply a

field "Ha along the axis of the nanowire, as seen in Fig 4.3. According to the

LLG equation there will be a torque "M& "Ha normal to the sample plane. This

causes the magnetic moments to cant out of the sample plane, introducing a

demagnetizing field in the opposite direction as the out of plane component of

"M . The demagnetizing field exerts a torque "M & "Hdem causing the magnetic

moments to precess around the sample normal. This precession is equivalent
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to motion of the domain wall along the nanowire.

x̂

ŷ
ẑ

!Ha = 0

!Ha

!Hdem

!

Figure 4.3: The configuration of the magnetization in a Néel domain wall at
zero applied field and with a non-zero applied field. The red lines represent
the edges of the domain wall. The applied field causes the magnetization to
cant out of the plane by an angle ! creating a demagnetizing field normal to
the film but opposite the canting direction.

In order to get a more quantitative version of this model, two approxi-

mations must be made about the domain wall. The first is that domain wall

is a transverse wall that is symmetric and that the canting angle ! is small

(! % 90!). To a first approximation, small angle wall canting does not signifi-

cantly change the e!ective anisotropy constant Keff in the wall width formula

# = %

'
A

Keff
(4.1)
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where Keff = K + 2%DM2
s . K is the anisotropy energy density of the contin-

uous film and D is the nanowire demagnetizing factor. In this case, D is much

larger than K, so K can be neglected.

The second approximation is that the domain wall is rigid. Although it

cants it does not change its configuration or width. The domain wall changes

angle by 180! from one side of the wall to the other. Since the canting angle

produced during the domain wall motion is much smaller than 180!, the ex-

change energy will not change significantly from the static domain wall case.

Since both the anisotropy and exchange energy do not change, the domain

wall is considered rigid with a wall width of #.

The starting point for describing the dynamics of the domain wall is

the LLG formula
d "M

dt
= #' "M & "Heff + #

"M & d #M
dt

M
(4.2)

where "Heff is the e!ective field and "M is the magnetic moment of the wall.

When an external field is applied along the nanowire the domain wall will

move with a velocity v and cant at an angle !. The demagnetizing field caused

by the canting of the wall is

"Hdem = #DzM sin(!)ẑ #DyM cos(!)ŷ (4.3)

where x̂ is along the wire in the direction of motion of the domain wall, ŷ is

perpendicular to the wire in the sample plane, and ẑ is normal to the sample

plane. Dz and Dy are the demagnetizing factors in the z and y direction,

respectively. In this case, Dz " 1 and Dy % Dz so the component in the y
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direction can be neglected [29]. The e!ective field, which is the sum of the

applied field "Ha and the demagnetizing field "Hdem then becomes

"Heff = "Ha #M sin !ẑ (4.4)

We can then use "Heff so that the first term of the right-hand side of Eq (4.2)

becomes

# ' "M & "Heff = (#')M2 sin ! cos !x̂

+ (#')(#MHa sin !)ŷ + (#')(#MHa cos !)ẑ (4.5)

The left-hand side of Eq (4.2) can be expressed as

d "M

dt
=

& "M

&"r

&"r

&t
(4.6)

! #M
!#r is the spatial rate of change of the magnetization at the center of the

domain wall. For a typical Néel wall, the longitudinal component of the mag-

netization is

Mx = M tanh(
x

#
) (4.7)

where x = 0 is at the center of the wall [30]. Taking the derivative of this gives

& "M

&"r
=

dMx

dx
=

d(M tanh( x
!))

dx
=

M

#
(1# tanh2(

x

#
)) (4.8)

When evaluated at x = 0 and setting !#r
!t = "v, this results in

d "M

dt
=

M

#
vx̂ (4.9)

By expressing the canting terms of the magnetization as

"M = M sin(!)ẑ + M cos(!)ŷ (4.10)
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and using the resutls of Eq (4.9), the second term of the right-hand side of Eq

(4.2) becomes

#
"M & d #M

dt

M
=

#M

#
v sin !ŷ +

#M

#
v cos !ẑ (4.11)

We then combine Eqs (4.5), (4.9), and (4.11) into Eq (4.2) and separate out

the scalar components of the three basis directions into

x̂ :
M

#
v = #'M2 sin ! cos ! (4.12)

ŷ : 0 = 'MHa sin ! +
#M

#
v sin ! (4.13)

ẑ : 0 = 'MHa cos ! +
#M

#
v cos ! (4.14)

These three equations can be used to solve for the canting angle ! and the

domain wall velocity v resulting in

sin 2! = #2Ha

#M
(4.15)

and

v =
'#

#
Ha = µHa (4.16)

where µ is the domain wall mobility. The domain wall velocity is therefore

proportional to the applied magnetic field Ha and the domain wall width #.

This simple model also predicts how the domain wall velocity will de-

pend on the thickness and width of the nanowire. From Eq (4.16) the velocity

is dependent on the wall width #, which is a function of the transverse de-

magnetizing factor D

# = %

'
A

Keff
( %

'
A

2%DM2
s

(4.17)
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For an infinitely long wire, D is given as

D = 1# 1

%

(
1# p2

2p
ln(1 + p2) + p ln p + 2 arctan(

1

p
)

)
(4.18)

where p = thickness
width [29]. For the nanowires used in these experiments, the

thickness is 20 nm and the smallest width is " 300 nm giving the largest p

of 0.07. Therefore we can make the approximation that for p % 1, D " p so

then

# = %

'
A

2%DM2
s

= constant&
"

width

thickness
(4.19)

The derivation of Eq (4.16) can be used for high magnetic fields if the

width of the domain wall is allowed to vary, although there is a transition point

resulting from the upper limit of the demagnetizing torque. The torque from

the applied magnetic field is simply proportional to the field and as such can

increase indefinitely. The demagnetizing torque is proportional to sin 2! and

has an upper limit when sin 2! = 1. When the canting angle reaches ! = 90!

the sign of the demagnetizing torque changes and causes the domain wall to

move in the opposite direction. This process repeats when the canting angle

reaches ! = 180! and the domain wall is once again in the plane of the sample,

although in the opposite rotation direction. The overall velocity in this regime

is still expected to be positive and non-zero, although much lower than the

steady-state translational regime.

The transition from a steady-state domain wall moving in an applied

magnetic field to the more turbulent motion predicted at higher fields has

come to be known as Walker breakdown after the scientist who first predicted
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its existence [31]. As the applied magnetic field is increased past the Walker

breakdown point, the canting angle of "M will precess continuously around the

applied field. The use of cylindrical coordinates (x, !) becomes useful here

where x is along the nanowire and applied magnetic field and ! is in the

direction of precession around the applied field.

At high fields the e!ective field "Heff can be replaced by the applied

field "Ha as the demagnetizing torque will average out to zero. The torque from

the demagnetizing field is #' "M & "Hdem = const · sin(2!). This averages to

zero as )sin(2!)*% = 0. During each precession of "M the demagnetizing field

will have equal magnitudes in opposite directions.

Starting again with Eq (4.2), we evaluate each term in cylindrical co-

ordinates and replace "Heff with "Ha.
d #M
dt then becomes

d "M

dt
=

#
d "M

dt

$

%

!̂ +

#
d "M

dt

$

x

x̂ (4.20)

The longitudinal term (x) was derived previously as Eq (4.9), however we

must replace the domain wall width # with the average wall width #avg as

the anisotropy energy of the wall will vary with the canting angle. This results

in #
d "M

dt

$

x

=
M

#avg
vx̂ (4.21)

The angular term is simply proportional to the angular velocity of the wall

precession ( #
d "M

dt

$

%

= (M !̂ (4.22)
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Combining the longitudinal term and the angular term gives

d "M

dt
=

M

#avg
vx̂ + (M !̂ (4.23)

The damping term in Eq (4.2), when expressed in cylindrical coordinates,

becomes

#
"M & d #M

dt

M
= #

(#
d "M

dt

$

%

x̂#
#

d "M

dt

$

x

!̂

)
(4.24)

After making all the substitutions, the final version of Eq (4.2) at high

fields in cylindrical coordinates becomes

M

#avg
vx̂ + (M !̂ = 'HaM !̂ + #M(x̂# #

M

#avg
v!̂ (4.25)

Separating out the scalar components of Eq (4.25) results in

!̂ : (M = 'HaM # #Mv

#avg
(4.26)

and

x̂ :
Mv

#avg
= #M( (4.27)

The scalar components can then be used to solve for ( and v,

( = 'Ha (4.28)

v =
'#avg

# + 1
&

Ha (4.29)

The velocity of the domain wall in the precessional regime has a similar form

to the of the low magnetic field regime presented in Eq (4.16), however the

mobility will be much smaller since # is less than 1.
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4.2.2 Domain Wall Mobility Measurement

The velocity of a single domain wall was measured for magnetic fields

up to 70 Oe. The domain wall travelled through a nanowire with a width of

600 nm and a length of 35 µm. The resulting velocity dependence is shown in

Fig 4.4. At the lowest fields, there is a linear region with a slope of 25 m/s/Oe.

Above the Walker breakdown point of 4 Oe for this nanowire, there is a region

with a negative slope. At "30 Oe, a second linear region appears with a slope

of 2.5 m/s/Oe.

Qualitatively, this form agrees with our one dimensional model pre-

sented in the previous section. The lower field linear region corresponds to the

rigid wall derivation resulting in Eq (4.16). Above the breakdown field, the

high field linear region corresponds to the precessional regime resulting in Eq

(4.29). Calculating the breakdown field from Eq (4.15) by setting sin 2! = 1

and using values appropriate to Permalloy nanowires, M = 8000 Oe and

# = 0.02, gives a value of Hc = 80 Oe. This value is more than an order

of magnitude larger than the measured value of 4 Oe indicating that there are

limitations to using the one dimensional model.

In the one dimensional model, the only domain wall structure that

can exist is referred to as a transverse wall. In a one dimensional transverse

wall, the magnetization rotates continuously from one direction to the other as

previously shown in Fig 4.3. In a two dimensional model, transverse walls are

still possible, as seen in Fig 4.5a, but a second configuration is available that

is called the vortex domain wall. In a vortex domain wall, the magnetization
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Fig. 3.8 shows the dependence of the domain wall velocity on the driving

field. The velocity-field characteristic is linear below Hc = 4 Oe. Above Hc, the

wall mobility has a negative slope that increases with the driving field and becomes

constant again at ! 30 Oe. The domain wall mobility in the low-field linear regime is

about 25m/s/Oe. In the linear regime at high fields, the mobility drops to 2.5 m/s/Oe.

Hc will be referred to as the breakdown field, for reasons that will be discussed later.

Before analyzing the velocity-field characteristic, we need to make sure that

Figure 3.8: Velocity-field characteristic of a domain wall that propagates along a 600
nm wide, 20 µm long Permalloy nanowire.
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Figure 4.4: Domain wall mobility measurement using a nanowire with a width
of 600 nm. The low field regime is linear up to the breakdown point of 4 Oe.
A second linear regime occurs at higher fields.
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rotates around a central spot called the vortex core. The magnetization for

a vortex domain wall is shown in Fig 4.5b. Energy calculations have shown

[32, 33] that a phase boundary exists between transverse and vortex domain

walls of the form w · t + 60L2
ex where the exchange length Lex + 5 nm for

Permalloy. The phase boundary for domain walls in Permalloy nanowires is

plotted in Fig 4.5c.

The high breakdown field predicted by the one dimensional model is

lowered by the nucleation of a vortex [34]. The precession of the one dimen-

sional model is then replaced by the movement of the vortex core across the

width of the nanowire. The domain wall will move forward until the vortex

core crosses the midpoint of the wire. The domain wall then moves backwards

until the vortex core reaches the opposite edge of the nanowire. The energy

required to nucleate a vortex is much lower than that required for large angle

precession thus explaining the much lower breakdown field and transition to

the oscillatory motion of the domain wall.

The numerical simulations conducted in [34] predict a breakdown field

of "12 Oe which is much closer to our measured value of 4 Oe. This suggests

that the rigid wall model used in the one dimensional derivation of the domain

wall mobility is only valid at small canting angles. Above the breakdown field

it is favorable to dissipate energy through vortex creation and propagation.

43



(a)

(b)

Width (nm)

T
h
ic

k
n
e
s
s
 (

n
m

)

(c)

Transverse

Vortex

Figure 4.5: Approximate magnetization structure of transverse (a) and vortex
(b) domain walls calculated using micromagnetic simulations. Energy calcu-
lations of these two types of walls result in a phase boundary (c) for domain
walls in Permalloy nanowires.
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4.3 Domain Wall Dynamics in Nanowires of Varying
Width

As indicated in Eqs (4.16) and (4.29), the velocity of the domain wall

depends not only on the applied field, but also on the domain wall width.

According to Eq (4.19), the width of the domain wall is related to the width

w of the nanowire with # ,
!

w. To observe this relationship between the

domain wall velocity and nanowire width, the mobility curves for nanowires of

a large range of widths were measured. The widths of the nanowires ranged

from 310 nm to 2320 nm. The mobility curves of five of these wires are shown

in Fig 4.6.

Figure 4.6: Mobility curves for nanowires of varying width. The high field
mobility increases as the nanowire width increases.
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The mobility of the high magnetic field region was measured for each

nanowire. This region is defined by the linear section of the mobility curve

that occurs above the Walker breakdown critical field. The high field mobility

values are plotted in Fig 4.7 and are fit to a
!

w function.

For nanowires of widths greater than "900 nm, the Walker breakdown

feature did not appear in the range of fields where the velocity was measured.

The lowest fields measured were limited by the propagation field of each nano-

wire. While the low field mobility could be measured for a small number of

nanowires, the variance and uncertainty in these values were too high to verify

a relationship between nanowire width and low field mobility.

Figure 4.7: The high field domain wall mobility for various widths of nanowires.
The red line is a fit to a

!
w function. The fit intersects the x-axis at "300

nm.
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It is interesting to note that the functional relationship plotted in Fig

4.7 indicates that the domain wall high field mobility will reach zero at a

non-zero nanowire width of about 300 nm. This seems to indicate that the

width of the magnetic material in the nanowire is not the same as the physical

width of the nanowire. Each wire then has approximately 150 nm of non-

magnetic material along each edge. Since the initial continuous permalloy film

is entirely magnetic, this nonmagnetic “dead” layer must originate from the

FIB fabrication method.

While this mechanism has not been detailed in depth, one possibility

is that the high energy ion beam causes the tantalum capping layers to mix

with the permalloy along the edge of each structure. The phenomenon of

the dead layer resulting from FIB patterning has been previously observed in

experiments involving multilayer spin-valve sensors [35], CoFe films [36], and

NiFe films [37]. In all three cases, Ta was used either as capping layers or for

electrical contacts prior to FIB patterning. Studies of NiTa alloys have shown

that as the percentage of Ta increases, the Ni transitions from ferromagnetic

to paramagnetic to amorphous [38, 39].

4.4 Current Driven Domain Wall Dynamics

The interaction of spin-polarized current with domain walls was first

described in 1978 by Luc Berger [40]. Since then, a number of additional

theoretical works have expanded on the initial idea [41, 42, 43, 44, 45, 46].

Experiments have been conducted that attempt to infer the interaction of
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current on domain wall dynamics [47, 48, 25, 49, 50]. The MOKE polarimeter

setup used in this dissertation provides the ability to directly measure the

change in velocity caused by the application of current [51].

4.4.1 Current Induced Torques on Domain Walls

In order to describe the dynamics of domain walls in the presence of

current density j, additional terms must be included in the LLG equation.

The full LLG equation then takes the form

d "M

dt
= #' "M & "Heff + #

"M & d #M
dt

M
# vj

d "M

dx
# )vj

"M & d "M

dx
(4.30)

Here the first two terms are the usual e!ective field torque and damping terms

found in Eq (4.2). The third and fourth terms are current induced torques on

the magnetization with vj = *j. These two terms are referred to as the adi-

abatic and nonadiabatic torques, respectively. The strengths of these torques

are determined by the parameters * and ).

The adiabatic term in Eq (4.30) has a widely accepted microscopic

basis. A conduction electron passing through a domain wall will experience

a torque from the changing magnetization. This torque will cause the spin

of the electron to follow the magnetization of the domain wall. The change

in angular momentum of the conduction electron is then transferred to the

localized spins in the domain wall. The adiabatic parameter * is defined as

* =
gµBP

2eMs
(4.31)
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In this equation, g is the Landé factor, µB is the Bohr magneton, e is the elec-

tric charge, Ms is the saturation magnetization, and P is the spin polarization

of the conduction electrons.

The source of the nonadiabatic torque is not quite as clear. Various

competing theories have been put forth, but a consensus agreement has not

yet been achieved. Experiments involving torques on domain walls resulting

from current must then treat this term as a phenomenological parameter whose

value is to be determined by the experimental results.

In the one dimensional model, the e!ects of the spin torque on the

velocity of domain walls can be separated into terms for fields below Walker

breakdown in the rigid wall regime and for fields far above breakdown in the

precessional regime [52, 53]. Below breakdown, the velocity from Eq (4.16) is

augmented by a term depending on the current and becomes

v = µH +
)

#
*j (4.32)

In the precessional regime the velocity from Eq (4.29) becomes

)v* - #2µH + *j (4.33)

Since only the adiabatic parameter is present in Eq (4.33) the precessional

regime can be used to determine the influence of the adiabatic torque.

4.4.2 Current Driven Mobility Measurements

The nanowire configuration used in the previous sections in this chapter

was designed to observe a single domain wall. This was achieved by discon-
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necting one end of the nanowire from the continuous film. However, in order to

have current flowing through the material both ends of the nanowire must be

kept connected. In addition, a contact pad must be created in the continuous

film such that the two ends of the nanowire are electrically isolated from each

other aside from the path through the nanowire itself. Such structures were

described in Section 3.1 and shown in Figs 3.3 and 3.4.

The contact pads were created with dimensions large enough to ac-

commodate wire bonds from a wire bonding machine (West Bond 7476D-79).

Current was then applied to the nanowire using a constant current source

(Keithley 2400).

Domain wall velocity measurements were then carried out at various

values of DC current. The resulting mobility curve is shown in Fig 4.8 with

j = 0 for the black circles and j = ±5.8 & 1011A/m2 for the blue and red

circles. Both the low and high field mobilities are not changed significantly

indicating that the current does not change the e!ective wall width.

The addition of current of both polarities results in a vertical shift in

the domain wall mobility curve. From Eq (4.32) for fields below Walker break-

down, this shift indicates that the nonadiabatic spin torque term ), regardless

of origin, has a non-zero value. Although it is not entirely clear how to extend

this one dimensional model to vortex walls, any developments in theory must

include this term.

The velocity of the domain wall is not shifted equally for opposite po-
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Figure 4.8: Domain wall mobility measurements under the influence of current.
The zero current measurement is in black while the positive and negative
current measurements are in blue and red, respectively.
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larities of current and at some driving fields both polarities of current cause a

positive shift. The e!ect of the current is therefore non-linear. This is evident

in Fig 4.9a which shows how the domain wall velocity at a single driving field

of 45 Oe changes with current.

Analysis of this measurement is made more clear by separating the

complex current dependence into the even and odd components, v+ and v",

where v± = v(+j)±v("j)
2 . The resulting odd component, shown in Fig 4.9b, is

linear in j while the even component, shown in Fig 4.9c, has a quadratic form.

The linear form of v" corresponds to the adiabatic torque term of Eq (4.33).

The same measurement was carried out for nanowires with various

widths. The velocity was measured as a function of current at a driving field of

45 Oe. When separated out into the odd and even components, shown in Fig

4.10a and b, the odd component shows a dependence on width. The adiabatic

torque term in Eq (4.33) does not depend on width, so the current dependent

velocity measurement in Fig 4.10a should remain constant with width. While

a solid explanation for this width dependence is needed, possible causes could

include edge roughness or the nonmagnetic dead layer discussed in Sec 4.3.

The even component does not depend on width but instead falls into

two distinct quadratics. At this time it is not clear what determines the

quadratic parameters of the even component. A simple width dependence is

unlikely as increasing the width causes the even component to jump from one

quadratic to the other and back. A broader survey of nanowires is required to

provide further insight.
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(b)

(a)

(c)

Figure 4.9: Domain wall velocity as a function of current density at a driving
field of 44 Oe (a) separated out into odd (b) and even (c) components. The
odd component has a linear form while the even component is quadratic.
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(b)

(a)

Figure 4.10: The odd (a) and even (b) components of velocity measurements
for nanowires of various widths as a function of current. All measurements
were conducted at a driving field of 45 Oe. The odd component is linear with
the slope depending on width. The even component is quadratic and does not
depend directly on width.
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One unexpected feature that appeared in the initial measurement in

Fig 4.8 is the “bump” that appears in the zero current mobility curve at

"23 Oe. This bump was not seen in previous measurements and seems to

have been suppressed with the addition of current in this nanowire. While the

source of this bump was initially unknown, preliminary results of a more recent

experiment have begun to shed light on this feature. The latest measurements

involve applying a DC bias magnetic field perpendicular to the nanowire and

the main driving field but still in the plane of the continuous film. This causes

the bump in the mobility curve to grow with increasing perpendicular field

causing the domain wall to traverse the nanowire at velocities higher than

even those seen at the highest driving fields in other nanowires.

Preliminary micromagnetics simulations of a domain wall in this mag-

netic field arrangement show a second vortex core nucleating at the nanowire

edge opposite the usual single vortex core. This dual-core domain wall configu-

ration seems to reduce or even eliminate the turbulent domain wall oscillations

that occur above the breakdown field. This returns the domain wall to a steady

state motion through the nanowire allowing it to achieve much higher veloc-

ities. At the time of this writing, further experiments and simulations are in

progress that should allow for a full understanding of this mechanism.
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Chapter 5

Domain Wall Injection

In the previous chapter, the motion of domain walls in nanowires was

discussed in depth. However, those domain walls entered each nanowire from

the continuous film in a mechanism we call injection. This concept is one aspect

of understanding how domain walls move across pinning sites in magnetic

materials as well as in magnetic elements of varying shape or size. This chapter

will discuss how domain walls enter a nanowire from the continuous film.

5.1 Injection via Thermal Activation

A domain wall moving through a magnetic material does not move in

an absolutely smooth manner but instead moves in many small discontinuous

steps. This process is known as the Barkhausen e!ect [1]. The Barkhausen

e!ect is a result of surface/interface features, impurities, and lattice defects

that act as small pinning sites for the movement of a domain wall [54].

The irreversible stochastic nature of the Barkhausen e!ect makes the

study of any single pinning site impossible. This section will present the pin-

ning of a domain wall at the interface between a nanowire and the continuous

film as a model system for a single pinning potential. A pinned domain wall
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is able to overcome the potential through thermal fluctuations in the domain

wall when enough time is allowed to pass.

The observation of a domain wall becoming injected into the nano-

wire via thermal fluctuations begins with an area free of domain walls. To

remove all domain walls, a strong magnetic field is first applied in one direc-

tion to saturate the magnetization of both the nanowire and the continuous

film. A constant magnetic field of a magnitude below the field required to

completely inject the domain wall is applied in the opposite direction. Since

the continuous film has a lower anisotropy than the nanowire it will switch

its magnetization at a very low field. The domain wall then becomes trapped

by the pinning potential at the location where the nanowire is connected to

the continuous film. This location is referred to as the neck of the nanowire.

Thermal fluctuations in the domain wall give it a chance of overcoming the

pinning potential resulting in the injection of the domain wall. The field is

kept constant until the magnetization in the nanowire changes, indicating that

the domain wall has entered and traversed the nanowire.

The waveform used for domain wall injection delay measurements con-

sists of three pulses. The first pulse is in the positive direction and is used

to determine if the domain wall has been injected. The waveform is set up in

such a way that for each repetition of the waveform, this pulse analyzes the

injection from the repetition immediately before it. This pulse is of the same

polarity as the field being tested. If the domain wall has not been injected, this

pulse has an amplitude large enough to inject the domain wall. If the domain
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wall has been injected, then this pulse has no e!ect on the magnetization.

The other two pulses arrive 300 µs after the analyzing pulse. They

are immediately adjacent to each other and of equal amplitude but opposite

polarity. These two pulses act as initializing pulses to saturate the device

in the positive direction and then in the negative direction. The section of

the waveform after these two pulses produces no field by the high bandwidth

magnet. However a Helmholtz coil magnet to the side of the sample produces

a DC bias field at the level required for the measurement, a positive field much

smaller than the initializing amplitude.

The time between the initialization pulses and the analyzing pulse is

varied by adjusting the repetition rate of the arbitrary magnetic field waveform

produced by the function generator. The repetition rate represents a period

imposed on the waveform by the generator. The function generator used in

the polarimeter setup can repeat an arbitrary waveform at rates from 0.001

Hz to 10 kHz, giving an upper limit of 1000 seconds to measure the injection

delay.

Since each measurement consists of the averaged signal of at least 500

repetitions of the waveform, the resulting Kerr signal can be used to determine

the probability that the domain wall was injected. A 500 µs measurement

window is centered on the 300 µs section of the arbitrary waveform with the

three pulses. The amplitude of the Kerr transient corresponding to the two

initializing pulses is used as the reference amplitude. The amplitude of the

Kerr transient resulting from the analyzing pulse is then the signal amplitude.
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If the signal to reference ratio is 1, that corresponds to a 100% probability that

the domain wall was not injected. If this ratio is zero, then the domain wall has

a 0% chance of not being injected. The benefit in measuring both transients

is that the ratio will remain valid even if the overall amplitude changes due to

signal fluctuations.

For each field set by the DC bias coil the repetition rate is varied to

increase the period of the waveform. The delay time associated with each

measurement is then the period minus the 300 µs gap present in the waveform

between the analyzing pulse and the initializing pulses. The probability that

the domain wall is not injected into the nanowire is then plotted for each value

of the delay time. A few examples of data from probability measurements are

shown in Fig 5.1. This data is fit to an exponential of the form e"t/' where +

is then the time constant of injection delay for that field value.

The injection delay time was measured for four nanowires with widths

varying from 490 nm to 1060 nm. For each nanowire the delay time was

measured out to at least eight seconds. Since the injection time normally takes

10"8 seconds or less, this gives delay times spanning nine decades. The results

from these measurements appear in Fig 5.2. For each wire, two field ranges

become apparent. These two regions are more apparent when the injection

delay measurements are shifted horizontally as in Fig 5.3.

The first region is at higher fields. In this field range, the slope of

the injection delay time is the same for all nanowire widths. The motion of

the domain wall in this region is determined by the LLG equation, Eq (2.11).

59



Figure 5.1: These measurements determine the injection delay time for a spe-
cific DC bias field. Each line represents a di!erent field value. The period
of the measurement waveform is varied and is used to determine the delay
time for each point. The ratio of the signal Kerr amplitude to the reference
Kerr amplitude then determines the probability that the domain wall is not
injected.
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Figure 5.2: The injection delay measurement for four wires of various widths
was measured with time delays spanning nine decades. In the high slope region
domain wall thermal activation dominates the injection mechanism. In the low
slope region spin rotation dominates.
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Figure 5.3: The injection delay measurements of Fig 5.2 are shifted horizontally
such that the higher field region overlaps. The slope of the lower field region
varies with nanowire width.
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Using this equation the time delay +spin can be estimated to first order as

+spin(H) , 1

'(H #Hp)
(5.1)

Here Hp is the intrinsic pinning field. Since this time delay does not depend

on width it is the same for each nanowire.

As the field is decreased, a critical field is reached and the energy from

the external field can no longer overcome the pinning potential at the neck

of the nanowire. The pinning potential is related to the activation volume

associated with the pinning site. The activation volume refers to the volume

of spins that contribute to the energy of the pinning site. In the case of a

nanowire, the di!erence in energy results from the magnetostatic energy from

the stray fields in the domain wall at the edge of the nanowire that would not

be present in a continuous film. In a nanowire of thickness t, the magnetostatic

energy is greatest at the edge and decreases by one half at a distance of t/2

from the edge [32]. This area then extends the length of the domain wall #

resulting in an approximate activation volume V of V " t2#/2.

Below the critical field the injection delay transitions to a region with

a much higher slope that depends on the width of the nanowire. This critical

field is the injection field. The injection delay can be modeled by a thermal

activation model [55] that defines the injection delay time +activ as a function

of applied magnetic field H

+activ(H) = +0 exp

#
2MsV

kBT
(Hp #H)

$
(5.2)
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Here +0 is an intrinsic pinning time, V is the activation volume, and kBT is

the thermal energy. Since the activation volume depends on the width of the

nanowire the slope of this region increases with nanowire width.

The size of the pinning potential can be determined by the energy as-

sociated with the critical, or injection, field. As the magnitude of the external

field is increased from zero, the height of the pinning potential is lowered until

it disappears at the injection field. As seen in Fig 5.2, the value of the injection

field depends on the width of the nanowire. This dependence is discussed in

more detail in the following section.

5.2 Injection and Nanowire Width

To measure the injection field for a nanowire, a domain wall must first

become pinned at the neck of the nanowire. A magnetic field is applied with

a magnitude large enough to saturate both the nanowire and the continuous

film in one direction. The field then returns to zero and a small field in the

opposite direction is applied. The continuous film will switch at a lower field

than the nanowire causing a domain wall to become pinned at the nanowire

neck.

If the applied field is increased, it will overcome the pinning potential

of the nanowire and the domain wall will enter, or become injected into, the

nanowire. The field at which the domain wall breaks free from the neck, or is

depinned, is referred to as the injection field. This process is illustrated in Fig

5.4. In general, the injection field is larger than the minimum field required
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to propagate the domain wall through the nanowire.

To show how this injection field can depend on the width of the nano-

wire, a simple model of the forces involved when the domain wall is pinned

can be used. The force on the domain wall resulting from the applied field, H,

is pushing the domain wall into the wire while the pinning force is keeping the

domain wall at the neck, as shown in Fig 5.5. The force from the magnetic

field is proportional to the magnetization and the cross sectional area of the

domain wall, i.e. FH , (M ·H)(w · t) where t is the film thickness and w is the

width of the nanowire and hence of the cross section of the domain wall. Fp

is the pinning force from the corners formed by the nanowire and the contin-

uous film. The domain wall is injected when the force from the magnetic field

overcomes the pinning force. This gives a critical magnetic field, Hinj, that is

proportional to 1/w

Hinj ,
2Fp

Mt

1

w
(5.3)

In order to measure the injection field of a nanowire, a hysteresis loop

measurement is performed on the wire. A strong magnetic field is applied in

one direction to saturate the nanowire and the film. The field is then swept

towards a magnetic field of equal magnitude but opposite direction. The mag-

netic field is then returned to the original value and direction at a continuous

rate. Throughout all of these field changes, the magnetization is monitored

using Kerr measurements at a fixed point on the nanowire. Examples of these

hysteresis loops for nanowires of various widths are shown in Fig 5.6.
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Hinj

H H H
domain wall

Figure 5.4: A large magnetic field first saturates both the nanowire and the
continuous film. As the field is swept to the opposite polarity the continuous
film switches first causing a domain wall to become pinned. When the field
reaches the injection field the domain wall is injected into the nanowire.
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Figure 5.5: The force from the pinning potential at the neck of the nanowire
acts against the driving force from the external magnetic field.

Figure 5.6: The magnetization of the nanowire is monitored using Kerr mea-
surements as the magnetic field is varied. These three resulting hysteresis
loops were measured on three nanowires with di!erent widths. The field at
which the magnetization switches is the injection field.
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A 10 kHz sine wave was chosen to drive the magnet system during

the hysteresis measurements. This frequency is fast enough so that averaging

10,000 loops or more to increase the signal to noise ratio will not require a large

amount of time, but slow enough that the magnetic field does not change too

quickly while the domain wall is traversing the nanowire. The waveform has

a large enough amplitude to saturate the nanowire in both directions. MOKE

measurements are then performed at a single point 10 µm from the neck of the

nanowire. When the magnetic field waveform reaches the injection field, the

nanowire switching will be recorded by the MOKE measurement. The MOKE

signal is then matched with the magnetic field profile to create a hysteresis

loop of the nanowire.

The injection field was measured for seven di!erent nanowires with

widths varying from 550 nm to 2940 nm. The results are shown in Fig 5.7.

The red line on the plot is a fit of the data to a 1/w relationship. This aligns

with the injection field defined in Eq (5.3) resulting from the model of the

forces acting on the pinned domain wall.
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Figure 5.7: The injection field shows an inverse relationship to the nanowire
width.
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Chapter 6

Domain Wall Induced Voltage

In 1986, Luc Berger envisioned measuring the voltage across a moving

domain wall at the same time that a current was passing through the material

[56]. He calculated that the presence of the domain wall in motion would

increase the usual ohmic voltage by an amount

V = #!
e

d$

dt
+

2MsR0

µ
()ve # vw) (6.1)

where d"
dt is the precession of the domain wall magnetic moment, vw is the

velocity of the domain wall, ve is electron drift velocity resulting from the

current (ve = R0jx), R0 is the ordinary Hall constant, µ is the domain wall

mobility, and ) is a dimensionless coe"cient. It was estimated that this addi-

tional voltage would be on the order of nV. This voltage would be di"cult to

detect as the normal ohmic voltage would be many orders of magnitude larger.

However, if there was no current so that ve = 0, a domain wall driven by a

magnetic field could produce a measurable signal. The fabrication and mea-

surement techniques presented in previous chapters of this dissertation provide

the methods required to conduct electrical measurements involving individual

domain walls.
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6.1 Measurement Methods

The voltage produced by a domain wall depends on the wall velocity,

including both its magnitude and sign. If two domain walls were present in a

nanowire moving with equal velocities but in opposite directions, the voltages

produced would average to zero. In order to ensure that a single domain wall

was present, one end of the nanowire must be cut. However, to make electrical

measurements, the nanowire must have electrical contacts at both ends. This

is achieved by placing platinum across the cut end of the nanowire using the

GIS in the FIB, as described in Sec 3.1. A SEM image of the resulting wire

with a detail of the Pt bridge can be seen in Fig 6.1.

Pt bridge

Figure 6.1: A nanowire used to study a single domain wall requires the the
nanowire be cut at one end to ensure that only a single domain wall traverses
the nanowire. This nanowire is modified for electrical measurements with the
addition of a Pt bridge using the GIS in the FIB.

In order to maintain a voltage signal from the domain wall in motion,
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the driving magnetic field must be chosen in such a manner to maximize the

time during which a domain wall is traveling through the nanowire. A 300

kHz driving magnetic field provides the right amount of time for this nanowire

in that it is long enough that the domain wall will traverse the entire nanowire

but short enough that there is a minimal amount of time where the domain

wall is absent. The amplitude of this driving field is su"cient to inject domain

walls at both polarities.

The high frequency magnetic field induces a large voltage in the mea-

surement wires at the driving frequency, so a modulation lock-in technique was

used to measure the domain wall voltage. A small coil magnet was situated

such that it produced a modulating magnetic field at the nanowire with an

amplitude of 10 Oe at 317 Hz. A lock-in amplifier (Stanford Research SR510)

was used to detect the signal at the modulation frequency. The details of this

technique and the expected form of the resulting voltage measurement are

explained in the following paragraphs.

The combination of the 300 kHz magnetic field and the 317 Hz magnetic

field result in the three field profiles shown in Figure 6.2. Figure 6.2a is the

300 kHz magnetic field without any modulation. The dotted red lines indicate

the injection field for the nanowire being used for the measurement. The

unmodulated field is high enough to inject a domain wall at both polarities.

Figures 6.2b and c show the field profile of the combined fields during the

positive and negative segments of the modulation field. This results in the

injection of a domain wall at only the first cycle of the 300 kHz driving field.
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As the field in the opposite polarity in both cases is below the injection field,

a domain wall will not be injected for any subsequent field cycles.

The measurement uses a third magnet to create a DC bias magnetic

field that adds to the high frequency driving field and the low frequency mod-

ulation field. This magnet is then used to measure the lock-in voltage as a

function of the DC bias field. The expected qualitative form of this measure-

ment is presented in Fig 6.3. There are four segments of this measurement.

During segment A, the bias field is large enough in the negative direction that

no domain walls are injected. This results in no domain wall motion in the

nanowire and zero domain wall voltage. At segment B, the bias field range

allows domain walls to be injected only during the positive half of the modula-

tion field. Since the lock-in amplifier is set up to measure on the falling edge,

the voltage signal will be out of phase with the modulating field and results in

a negative lock-in voltage. Once the bias field crosses zero, domain walls will

be injected on the negative half of the modulation field only. This causes the

domain wall voltage signal to be in phase with the modulation field resulting

in a positive lock-in voltage, as shown in segment C. In segment D, the bias

voltage again reaches an amplitude where no domain walls are injected and

the domain wall voltage returns to zero.

6.2 Results and Discussion

The lock-in voltage measured using the technique described in the pre-

vious section resulted in the data shown in Fig 6.4a. The form of this measure-
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(a)

(b)

(c)

Figure 6.2: The 300 kHz magnetic field waveform used to drive the domain
wall for domain wall voltage measurements (a) is modulated by a 300 Hz, 10
Oe magnetic field. The driving field is shifted up during the positive polarity
of the modulation field (b) and down for the negative polarity (c).
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A

B

C

D

Figure 6.3: The expected form of the domain wall voltage measurement using
a modulation technique. At points A and D the DC bias field is too large for
domain walls to be continuously injected. When domain walls are continu-
ously injected, the resulting voltage measured by the lock-in amplifier will be
negative when the signal is out of phase with the modulation field (B) and
positive when it is in phase with the modulation field (C).
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ment is more complex than the expected form presented in Fig 6.3. However,

it can be separated out into two components, even and odd. The even com-

ponent V+ and odd component V" are calculated by V± = V (H+)±V (H!)
2 . The

odd component, shown in Fig 6.4b, has the expected form of voltage induced

by a moving domain wall and produces a domain wall voltage of "450 nV.

The source of the even component, shown in Fig 6.4c, is unclear. Additional

measurements were made to determine that the odd component was indeed a

result of a moving domain wall.

The first test measured the odd component of the lock-in voltage as

the period of the high frequency magnetic field waveform was decreased. The

domain wall will only induce a voltage when it is moving and only during the

time it takes for the domain wall to traverse the entire nanowire. This transit

time is fixed by keeping the driving field, and thus the velocity, constant.

Fig 6.5 shows four of the waveforms used in this measurement with varying

periods.

Since the lock-in amplifier was measuring at the fixed frequency of the

modulation field, the voltage measured is an average of any voltage signals

over the period of the modulation field. Decreasing the period of the high

frequency driving field increases the number of times the domain wall traverses

the nanowire, each time adding to the average voltage measured by the lock-in

amplifier. The result, as seen in Fig 6.6, is that the lock-in voltage increases

until the period matches the domain wall transit time. Below the domain

wall transit time, the driving field period is not long enough for the domain
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(c)

(b)

(a)

Figure 6.4: The voltage induced by a moving domain wall measured with a
modulation technique (a), is then separated into odd (b) and even (c) compo-
nents for analysis.
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Figure 6.5: A series of magnetic field waveforms with decreasing period is used
to correlate the transit time of the domain wall with the measured voltage.

wall to reach the end of the nanowire. When the polarity of the driving field

changes, the domain wall will move in the opposite direction. At the same

time, a second domain wall will enter the nanowire and move towards the first

domain wall. The e!ect of having multiple domain walls moving in opposing

directions causes the overall voltage to decrease.

A complimentary method of determining that the voltage measured

does indeed originate from the moving domain wall is to measure the voltage

at two magnetic field waveforms, one that will drive a domain wall and one that

will not. A waveform with an amplitude below the injection field will not inject

a domain wall and there will never be a domain wall present in the nanowire.

To reduce any possible changes from using a drastically di!erent waveform

to drive a domain wall, the same waveform is used but it is altered slightly

by adding an injection pulse at the beginning of each half-cycle. These two
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Figure 6.6: The domain wall voltage measured as the period of the driving
magnetic field is decreased. The voltage reaches a peak at the wall transit time.
Below the transit time the domain wall does not traverse the nanowire entirely
causing a drop in the voltage measured, possibly due to multiple domain walls
in the nanowire simultaneously moving in opposing directions.
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waveforms are shown in Fig 6.7 with the black waveform below the injection

field, indicated in red, and the blue waveform containing the injection pulse.

This injection pulse overcomes the pinning potential at the neck of the domain

wall and places the domain wall just inside the nanowire. The field then returns

to the driving level as before and the nanowire traverses the wire. The presence

or absence of a domain wall for these two waveforms was verified using MOKE

measurements prior to the voltage measurements.

Injection Field

Injection Pulse

Figure 6.7: A driving magnetic field with and without injection pulses. The
dashed red line indicates the injection field level. The magnetic field without
the injection pulse is below the injection field. No domain walls will be injected
into the nanowire when this waveform is used. The addition of the injection
pulse allows the domain wall to enter the nanowire.

The voltage from the nanowire was then measured for both magnetic

field waveforms. The raw data is shown in Fig 6.8a. The waveform without

injection pulses resulted in the data shown in black while the waveform with

the added injection pulses produced the data in red. This data again shows the

complex structure seen before. When the data is separated out into the odd
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and even components, a much clearer picture can be seen. The odd compo-

nents, shown in Fig 6.8b, indicates that the measurement with the domain wall

present produces a similar voltage profile as before. The voltage at this field is

"150 nV. However, when a domain wall is absent from the measurement, the

odd component produces a zero voltage reading within uncertainty. This is a

clear indication that the voltage in the odd component of these measurements

is indeed induced by the moving domain wall.

The existence of a non-zero even component of the voltage measure-

ment, shown in Fig 6.8c, in the absence of a moving domain wall indicates

that this component is not a result of the moving domain wall. The di!erence

in this signal between waveforms with and without the injection pulse seems

to indicate that the source of the voltage is related to the high frequency mag-

netic field. This should not be the case as the lock-in amplifier is locked to the

much lower frequency of the modulation field and should not measure signals

at the driving frequency. Further investigation is required to determine the

exact source of this component of the voltage.

Having established the source of the odd component of the voltage as

the moving domain wall, the amplitude of the voltage was measured at various

amplitudes of the driving magnetic field. The results of these measurements

are broken down into the odd component in Fig 6.9a and the even component

in Fig 6.9b. The scaled domain wall voltage increases linearly with the domain
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(c)

(b)

(a)

Figure 6.8: Voltage measurements in the absence of a domain wall (black) and
with a moving domain wall (red). The raw data (a) is separated into the odd
(b) and even (c) components. The odd component (b) shows no voltage when
a domain wall is not present in the nanowire (black).
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wall driving field, as shown in Fig 6.9c. The scaled voltage Vs is defined as

Vs(H) = V
T

2

L

vw(H)
(6.2)

Here V is the raw voltage, T is the period of the driving magnetic field, L

is the length of the nanowire, and vw is the velocity of the domain wall at

the driving magnetic field amplitude H. This scaling is necessary since the

voltage signal is only produced when the domain wall is moving and the lock-

in amplifier averages the voltage signal over the same time scale independent

of the driving magnetic field.
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(c)

(b)

(a)

Figure 6.9: The odd (a) and even (b) components of voltage measurements of
a moving domain wall at various driving fields. The scaled voltage increases
linearly with driving field (c). The voltage is scaled to compensate for the
averaging of the lock-in amplifier.
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Chapter 7

Conclusions

The dynamics of magnetic domain walls in Permalloy nanowires fabri-

cated using FIB patterning have been studied using a magneto-optical Kerr

e!ect polarimeter. Two regimes emerge from these measurements. At fields

below a critical magnetic field the motion of the domain wall is in a steady

state. The domain wall translates smoothly with a linear domain wall mobil-

ity. Above the critical field, this steady state experiences a “breakdown” into

a turbulent regime characterized by an oscillatory motion of the domain wall.

At fields well above the critical field the mobility of the domain wall is again

linear, but much lower than the steady state mobility.

The e!ects of the width of the nanowire on the domain wall mobility in

the high field regime were observed. The domain wall mobility increases with

the square root of the nanowire width. However, the domain wall mobility is

zero at a non-zero nanowire width. This is presumed to occur due to nonmag-

netic edges on each nanowire resulting from the FIB fabrication process. The

measurements indicate a nonmagnetic “dead layer” of "150 nm on each edge

of the nanowires.

The dynamics of domain walls under the influence of DC current were
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observed. The current was found to increase the velocity of the domain wall

at both polarities, although not symmetrically. Changes in velocity below

Walker breakdown due to spin torque indicate a non-zero nonadiabatic spin

torque parameter ). Further analysis of the velocity as a function of current

revealed two separate terms in current, one linear and one quadratic. The

linear term was found to increase with nanowire width while the quadratic

term has no direct dependence on nanowire width.

A pinning potential at the neck of the nanowire will pin a domain wall

at low fields. Thermal fluctuations in the domain wall structure allowed the

domain wall to overcome the pinning potential causing the domain wall to be-

come injected into the nanowire. The time required for the thermally activated

injection is decreased with increasing field. Activation times were measured

up to 10 seconds for four nanowires of varying width. The activation time

decreases linearly with magnetic field on a logarithmic scale over 7 decades

before reaching the critical injection field and transitioning to a second linear

region with a lower slope. The slope of the initial region depends on the width

of the nanowire as injection this region is described by a thermal activation

mechanism which depends on the activation volume of the domain wall. The

activation volume depends on the width of the nanowire. The low slope re-

gion has the same slope independent of nanowire width as the spin rotation

mechanism involved in this region does not depend on the nanowire width.

The injection of a domain wall from a continuous film into a nanowire

was studied for nanowires of various widths. The domain wall becomes pinned
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at the neck of the nanowire due to the pinning potential. The minimum field

required for the domain wall to become depinned from the nanowire neck,

referred to as the injection field, was found to be inversely proportional to the

width of the nanowire.

A moving domain wall was found to induce a voltage across the nano-

wire through which the domain wall is moving. The complex voltage produced

by the measurement was found to be separable into even and odd components.

The odd component was shown to correspond to the contribution of the volt-

age resulting from the moving domain wall. The origin of the even component

is currently unknown. The voltage produced by the moving domain wall is on

the order of hundreds of nV and is proportional to the velocity of the domain

wall.

7.0.1 Recommendations for Future Work

Further work is required to fully explain the origin of the nonmagnetic

“dead layer” induced by FIB patterning, particularly the lateral extent of the

magnetic suppression. The hypothesis that the dead layer is induced by the

mixing of Ta with the magnetic permalloy layer can be tested by using other

suitable materials for capping layers.

All the measurements of domain wall injection via thermal activation

were conducted at room temperature. A measurement of the temperature

dependence of this mechanism would provide further information about the

nature of the pinning potential.
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Certain aspects of the measurements presented do not correspond to

any theoretical model. These include the even component of the domain wall

velocity as a function of current, the width dependence of the odd component

of the domain wall velocity as a function of current, and the even component of

the voltage induced by a moving domain wall. Either adjustments to the theory

must be made or conclusive evidence that these are experimental artifacts must

be presented to resolve these discrepancies.
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