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Abstract
Magnetic based devices such as hard disk drives (HDDs) are widely used in the
computer industry because of their high memory capacity, non-volatility and low
cost compared to semiconductor-based solid state disk drives (SSDs). However,
they also suffer from low energy efficiency and low speed, due to the requirement
for mechanical motion in order to access the data.
In my thesis, I will first give a brief introduction to the motivation and background
in the study of magnetic domain walls (DWs), which have attracted great
attention due to their ability to be moved by field and/or current and
corresponding potential applications in high speed memory or logic devices. I will
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then discuss how to geometrically control the behaviors of DWs in a
ferromagnetic nanowire. I will first discuss how natural geometry distortions such
as edge tapering from sputtering on an undercut resist profile and wire width
variation from the patterning process would affect DW behavior, including static
configurations, stability and dynamics under current pulsing. I will then discuss
how similar geometrical effects will affect the properties of materials with
perpendicular magnetic anisotropy (PMA). The same geometry modulation will
have different effects depending on the origin of the PMA. Such results are
confirmed by observing the magnetic reversal process.
Besides the study on 180DWs, we will then discuss the field and current effects
on 360 degree DWs (360DWs), which have many unique properties compared to
180DWs and are an alternative candidate for DW based devices. I will then
discuss control of 360DW behavior by designing a geometrical heterostructure.
We have found that by utilizing the asymmetric Oersted field originated from the
heterostructure, we are able to control the 360DWs depending on their chirality.
The structure can function as a 360DW chirality filter, which provides extra
freedom in DW-based applications.
These studies were conducted by a combination of micromagnetic simulations
and experimental implementations. Techniques being used including OOMMF
micromagnetic simulations, Comsolfinite element simulations, electrical
measurements, magnetic force microscopy and other characterization
techniques.
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1. Introduction

1.1

Motivation

Magnetic based memory and logic devices such as hard disk drives (HDDs) are
widely used in the industry because of their high memory capacity, high reliability
and low manufacture cost even compare to newer technologies such as
semiconductor-based solid state disk drives (SSDs). However, they also exhibit
low energy efficiency and low process speed which makes them less attractive
compared to SSDs. Such problems are due to the fact that in HDDs data bits are
fixed in the magnetic disks as magnetic domains and it has to require mechanical
motion in order to move between different bits.
In recent years, magnetic domain wall (DW) based devices are being extensively
studied such as racetrack memories and spin-transfer-torque magnetic RAMs
(STT-MRAMs). It has been discovered by L. Berger and J.C. Slonczewski et al.
[1, 2] that the DWs (as data bits) can be driven not only by magnetic field but also
by spin current by the spin transfer torque originating from the spin-orbitinteraction between free electrons and atoms in the material. Devices using
mobile DWs have shown a promising applicability as CMOS-compatible memory
and logic devices and potentially offer high speed compared to HDDs since there
is no need for mechanical movement.
Recently, most of the studies are based on 1800 domain walls (180DWs). A 3600
domain wall (360DW) is composed of two 180DWs with opposite magnetization
sense. We have found that 360DWs demonstrate distinct behaviors compared to
17

180DWs due to their unique magnetic structure and therefore are of great
interest to investigate their physical properties. Moreover, based on these distinct
properties, there are wide varieties of potential applications 360DWs as novel
memory and logic devices.
It is critical to understand the behaviors of DWs including its configurations and
dynamics under external driving forces, such as current pulses or magnetic field.
Moreover, since the magnetic DWs reside in magnetic nanowires, it is also
important to understand how the geometry of the nanowires would affect the
DWs behaviors and even control their behaviors by carefully tuning the
geometry. We have discovered that in soft ferromagnetic materials such as
Ni8oFe2o, a simple geometry tuning from the fabrication technique will significantly
change not only the static behaviors of the DWs such as their configuration but
also their dynamics properties such as velocity and stability when a current is
injected into the system [3]. We have also found that due to the unique properties
of DWs, we can artificially design hetero-structures to provide novel techniques
to control a DW and provide more freedom in device applications, such as a DW
chirality filter which will be discussed in this thesis [4].
Besides soft ferromagnets, materials with PMA has also attracted great interest
and has been intensively studied due to the fact that DWs size is dependent to
(K 1)1/

2

and thus smaller in materials with higher PMA. Smaller DW size will

result in higher packing density which is preferable in device applications.
Besides, it has been recently found that in PMA systems such as heavy
metal/ferromagnet/oxide multilayer, due to the interface spin-Hall effect, the
18

critical current required to move a DW will be much smaller than that in soft
ferromagnets, which will significantly reduce the energy consumed during DW
motion. In my work, for multiple DWs in a nanowire, I have studied how their
interaction behaviors will differentiate compare to the soft ferromagnetic nanowire
scenario and how such different behaviors will facilitate in increasing device
capacity. We have also found that a slight geometry modification will either
increase or decrease the PMA at the edges of the nanowires depending on the
origination mechanism of the anisotropy. The change of anisotropy can be
confirmed by measuring the magnetic reversal process and this allows us to
control the PMA depending on the location which provides potential applications
in implementing DW based devices.
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1.2

Concept of DW

The concept of DW is first introduced by Weiss in 1907 [5] as an interfaces
between separate domains. Specifically, a magnetic DW is an interface between
two magnetic domains with opposite magnetizations which will reduce the
exchange energy in the system and favor the lower energy state. The magnetic
DW structure was first discovered by Williams in 1949 [6] in iron crystal.
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Figure 1 (a) Schematic picture of 180* Bloch (left) and Nel (right) DWs; (b) 1800
DW energy as a function of thickness (top) and DW width as a function of
thickness (bottom) [7].

The thickness of materials will affect the geometry of DWs inside. As shown in
Fig. 1(a), there are two types of possible DW configurations inside a continuous
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thin film. In a bulk material with uniaxial anisotropic axis in the plane, there is little
stray field at the surface of the material and the balance between exchange
energy and anisotropy energy results in a Bloch wall with charged surface on
external surface at the interface of two oppositely magnetized domains [8].
However, if the material is thin enough, a Bloch wall will generate unfavorably
high stray field at the surface of the materials and thus a N6el wall with charged
surface on internal surface at the interface is generated instead [9]. The DW
energy density and DW width with dependence to film thickness is shown in Fig.
1(b), showing same trends as theoretical analysis.
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1.3

DW in ferromagnetic thin film nanowires

Two possible DW configurations can exist in a ferromagnetic thin film wire at the
ground state, transverse DW (TW) and vortex DW (VW), both of which are of the
Neel wall type because of the small film thickness. The width and thickness of
the material will determine the energetically-stable configuration of DWs inside
the ferromagnetic nanowire [10, 11]. Micromagnetic simulations have shown that
with the increase of either the wire width or thickness, the DW inside a soft
Ni8oFe2o thin film wire will shift from a transverse wall configuration to a vortex
wall configuration due to the competition between exchange energy and
demagnetization energy, as shown in Fig. 2(a).
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Figure 2 (a) schematic picture of a transverse DW and a vortex DW; (b) Phase
diagram of transverse DW and vortex DW with dependence of thickness and
width of the nanowire [10.
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The TW is a 1-dimensional N6el wall which the spins within the DW rotate in the
plane of the sample [12]. These walls occur in thinner nanowires, typically of 100
nm width or less because TWs minimize exchange energy at the expense of free
magnetic poles at the edges (shrinks with decreasing wire width). On the other
hand, a VW forms a spiral-like shape and typically occurs for wires with a width
of several hundred nanometers and minimizes poles at the expense of exchange
energy [13]. The phase boundary for transverse wall and VW is shown in Fig.
2(b).
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1.4

Landau-Lifshitz-Gilbert equation and DW motion

It has been long known that when a magnetic moment is placed inside a
magnetic field, it will precess along the magnetic field, which is called the Larmor
precession [14]. However, the DW structure's applicability as memory and logic
devices has not attracted great attention until Berger [15] theoretically predicted
that a flow of electrons will reverse its magnetization adiabatically when passing
through a 180DW and due to the conservation of momentum, the DW will
therefore be driven by the flow of electrons. This effect is called the spin transfer
torque, originating from the spin-orbit interaction between free electrons and
atoms in the material [15]. Berger's theory was then soon confirmed with
experimental results [16, 17]. It has also been observed in different ways that the
critical current density to drive the DW motion in soft ferromagnetic nanowires is
typically about J ~101~101 A/m 2 [10, 13, 18, 19].
The dynamics of DW motion for one-dimensional current flowing along the x
direction is governed by the Landau-Lifshitz-Gilbert (LLG) equation [20]:

a= -yom x Heff + am X a - U

+ Pum x a

(1.1)

where u = JPgpB/2eMs is an effective drift velocity for the spin current in the unit
of m/s, J is the current density, P is the spin polarization factor defined by P =
(n* - n-)/(n+ + n-) where n+ and n- are the respective density of electrons with
up or down spins, g is the gyromagnetic ratio, pB is the Bohr magneton and Ms is
the saturation magnetization of the material. In addition, m is a unit vector
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representing the orientation of magnetization, yo is the gyromagnetic factor, Heff
is the effective field including applied, demagnetization, anisotropy, and
exchange, a is the Gilbert damping constant [10, 21] and P is the non-adiabatic
coefficient. The second term on the right of equation (1.1) is called the adiabatic
spin torque, which determines the damping of the magnetization during the DW
motion. The last on the right is the non-adiabatic spin torque, whose origin is still
under debate yet and plays an important role in the dynamics of current-driven
DW motion [10, 19], it can determine the critical current density and the
maximum velocity of DW motion.
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1.5

DWs in materials with perpendicular magnetic anisotropy

Perpendicular magnetic anisotropy (PMA) in ferromagnets can originate from
different sources for different systems. Typical sources of PMA includes
crystalline anisotropy where the crystal structure facilitate magnetization to point
out-of-plane and interface-strain-induced anisotropy where the interface between
different materials introduces strains and the resulted magnetostriction effects
make out-of-plane magnetization energetically favorable [7, 22, 23].
driving
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Figure 3 Schematic of DW configurations (Bloch type) in IMA and PMA materials,
respectively [7].

DWs in PMA materials have been of intensive study due to their various
advantages in memory and logic applications. For example, DWs in high PMA
materials have higher thermal stability which makes them more reliable when
shrinking down the size to avoid super-paramagnetism [24]; DW size ADW is
determined by the competition of exchange energy and anisotropy, with a
dependence of ADW=

T * (1/2

calculated from the 1-Dimensional simple model

[7]. such that DW sizes are smaller in high PMA materials, which will not only

26

allow the realization of higher capacities but also reduce the critical current to
move a DW [19, 25]. A schematic of DW configurations in IMA and PMA
materials are shown in Fig. 3.
Because of the PMA and resulted smaller DW feature size, the energy required
to move a DW on unit distance (e.g. 10 nm) will be much smaller than the IMA
scenario. From the estimation in equations (1.2) and (1.3), we can get that the
energy to move a DW in PMA nanowire is about 10-6 of that in IMA nanowires.

EIMA =

J2 pVt

(101 2A/m 2) 2 x (10-7l.- m) x (10-
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m3)

EPMA =

J 2 pVt

(10"A/m 2) 2 x (10-7fl. m) x (10-24 M 3 ) x 100 nms

100 nm
100 rn/s

1012J

(1.2)

101j (1.3)

Recently, it has been found that in heavy metal/ferromagnet/metal oxide
multilayer systems, when the film is thin enough, PMA will originate in the
ferromagnet layer by the interface-induced strain between heavy metal and
ferromagnet. Moreover, the current density required to move a DW in such
system is usually 10-100 times lower than that in soft ferromagnetic materials
[26]. This is due to the spin-hall effect between the multilayers which injects a
large amount of electrons with uniform spin orientation into the heavy metal layer
[27]. For the above reasons, it is important to study the control of perpendicular
anisotropy as well as DW behaviors in PMA materials.
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1.6

Comparison of 3600 DW and 1800 DW

Compared to 180DW, a 360DW is formed with the combination of two 180DWs
with opposite sense as shown in figure 4(b). 360DWs have been observed in
ring-shaped and un-patterned ferromagnetic thin film [28-30]. There are different
kinds of chirality for 360DWs based on the orientation of the two 180 DWs.

M

-1

(*
-- o
-O

00-N

04

-1

m4w .41P low

$9R-;

7717

-

IOJ

Ow

-. 0b

-- Alp

-lo

Figure 4 (a) Schematic of a 180* DW in a soft ferromagnetic nanowire; (b)
Schematic of a 360* DWin a soft ferromagnetic nanowire.

As shown in the racetrack memory prototype, since a single nanowire can
contain multiple DWs, this will results in a possibly much greater data density. All
the data in one nanowire can be driven with the same injected current. However,
the major problem is that the magnetostatic interactions will limit the minimum
distance between nearby 180DWs.
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Figure 5 Simulation of the stray field distribution of (a) 180DW; (b) 360DW in a
NisoFe2o nanowire of 200 nm x 5 nm cross section [31].

Since a 360DW can be formed spontaneously when two 180DWs with opposite
sense come close enough with each other, which should happen in any 180DW
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arrays with high enough packing density, it is of importance to study the behavior
of 360DWs. Moreover, although a 360DW has a higher width at equilibrium
compared to transverse 180DW, it significantly reduces the stray field at the edge
of the stripe compared with transverse 180DW as illustrated in Fig. 5 by forming
a flux closure between the two 180DWs which comprise a 360DW [17]. The red
points in Fig. 5 show the position with extremely high stray field (-3000 Oe for
180DW and -2500 Oe for 360DW). This makes 360DW a more stable state and
thus can possibly have higher packing density. Additionally, 360DW does not
change the magnetization inside the nanowires compared to 180DW as
illustrated in Fig. 4(b). For this reason, it is made possible to edit/rewrite
information in place for 360DW-based devices, which can be potentially much
faster, easier and more energy efficient.
When an injected current or applied field is higher than the critical point, an
180DW will be subjected to an irregular oscillation of its motion, which is called
Walker Breakdown [32, 33]. The Walker Breakdown is a reversible effect which
will disappear when the driving current or field goes below critical point again
(see Fig. 6(b)). Based on micromagnetic simulations, instead of reversible
Walker Breakdown for 180DWs, a 360DW will be annihilated irreversibly with a
current/field higher than critical point [34]. This gives us a potential way of rewrite
data for 360DW based memory device and with the combination of different
chirality for 360DW.
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Figure 6 (a) Simulated behaviors of 180DW and 360DW under field or current;
(b) Snapshots of annihilation of 360DW with current [34].

From the above results, we have found that the behavior of a DW is strongly
affected by the geometry of the nanowire, such as the width and thickness. For
this reason, it is important to better understand how other geometry factors will
affect the behaviors of a DW. Besides, it will also be of great interest to study the
ability of tuning the DW behavior by modifying the geometry and/or designing
specific asymmetric structures, which will potentially to provide us extra freedom
to be applied in DW-based devices.
As we have already mentioned previously, besides soft ferromagnets, materials
with high PMA have become intensively studied for non-volatile memory and
logic applications due to their extremely high reliability over thermal fluctuation.
Moreover, sizes of DWs are much smaller is high-PMA materials which allows
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higher density. For this reason, it will be of great interest to understand how we
can tune the PMA by geometry control and how the same geometry modification
will affect differently for different material systems.
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1.7

DW Applications

One of the most well-known device prototype based on 1800 transverse DW is
the racetrack memory proposed by Parkin et al [35]. The schematic picture of the
device is shown in Fig. 7. As shown in Fig. 7(a), magnetic DWs are formed at the
boundaries between magnetic domains which are magnetized in opposite
directions and are used as data bits. The data bits can be moved to and fro by
nanosecond wide current pulses, the spacing between consecutive DWs (that is,
the bit length) is carefully controlled by pinning sites fabricated along the
racetrack. Compared to traditional hard disk drives (HDD), DW racetrack memory
does not require the mechanical motion of read and write heads which allows it
to process data much faster and energetically efficient than HDD. Besides
racetrack memory, there is also many other DW-based devices such as STTRAM and NAND logic gate as shown in Fig. 7(b) and 7(c), respectively.
A Logic circuit prototypes for three-terminal magnetic tunnel junctions with mobile
DWs has been realized and proven to be fully function in our group by Dr. CurrivanIncorvia et al [36]. Such device prototype is capable to function as either a NAND
or NOR logic depending on the initial magnetization state in the magnetic tunnel
junction, which makes it possible to implement reconfigurable logic.
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substrate; (b) Prototype of STT-RAM; (c) DW based NAND logic gate [35, 37,
38].

Moreover, it has been proposed that by carefully designing the geometry, we can
easily realize different types of logic with DWs, including FAN-OUT, CROSSOVER, NOT, AND etc. as shown in Fig. 8 [39]. This means the geometry can and
will play a critical role in determining the DW behaviors and it is critical for us to
further understand how to control DW behaviors by tuning the geometry. Moreover,
by significantly simplifying the unit cell structure required to implement each
particular logic compared to CMOS, DW-based logics have the potential to be
significantly cheaper and much more reliable, which makes it a very promising
candidate for device applications.
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(dimensions shown refer to the design rule used here of 200-nm-wire width
connecting logic elements and 1-pm turning radius of corners). The fan-out,
35

cross-over, and logical AND junctions all contain tapered regions to connect to
the 200-nm-wide wire links. Vdd is the supply voltage [39].

As we have learned from the realization of logic units using DW, geometry of the
sample plays a key role in determining the DW properties, not only including its
static configurations, but also on its dynamic behaviors under an external
magnetic field or spin current. For example, Fig. 9(a) shows pinning of a DW by a
geometry notch which is widely used in precise control of DW position [35] and
Fig. 9(b) shows a comb-like structure that allows the DW to move in a much
faster speed while still remain in the steady motion regime [40]. For such
reasons, it is important to understand how geometry modifications from either
intrinsic effects from sample preparation process or extrinsic effects from
artificially designed structures.

(a)
-V7

(b)

Figure 9 (a) MFM images of DWpinning process by a geometry notch; (b) SEM
of the comb-like structured used to delay Walker Breakdown regime during
current-driven DW motion [40].
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2. Research Methods
2.1

Introduction

In order to achieve the goal of my Ph.D research, different research techniques
are used to understand DW behaviors by a combination of micromagnetic
simulations and experimental analysis. For the micromagnetic simulations, a
simulation tool Object Oriented Micromagnetic Framework (OOMMF) designed
by NIST is being used. This tool allows us to simulation magnetization dynamics
in the nanometer scale by separating the system into multiple rectangular unit
cells of a few nanometers of size.
In order to experimentally study the DW behaviors, we need different research
techniques in order to deposit the thin film layers, pattern thin films into sample
structures, apply field/inject current to the sample and detect the DW. We will
discuss in detail about the techniques being used to realize these requirements
in this chapter, respectively. The experimental techniques include but are not
limited to magnetron sputtering deposition, electron beam lithography, scanning
electron microscopy, magnetic force microscope and magneto-resistance
measurement system.
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2.2

The Object Oriented Micromagnetic Framework

The Object Oriented Micromagnetic Framework (OOMMF) is a project in
the Applied and Computational Mathematics Division (ACMD) of ITL/NIST, in
close cooperation with pMAG, aimed at developing portable, extensible public
domain programs and tools for micromagnetics [41]. The code is written in C++
and Tcl/Tk, which ensures high computation efficiency for finite element
simulations. OOMMF includes all the studied magnetic energies that may
contribute to simulations. The energies included are exchange energy which is
defined over pairs of spins, magnetostatic energy, anisotropy energy and
Zeeman energy [42]. The dynamics of magnetization is governed by the LLG
equation as in eq. (2.1). OOMMF is a finite element simulation tool and it has
been known that when making unit cell size smaller than the dimension of
materials-dependent exchange length, the simulation results are physically
sound.
OOMMF allows the user to define almost all the parameters including saturation
magnetization Ms, exchange parameter A, perpendicular magnetic anisotropy
coefficient K, damping coefficient a, non-adiabatic coefficient P, external field
Happi and spin current velocity u. Moreover, together with the extension packages
made by Dr. Mark Mascaro, we were able to convert OOMMF-generated data
into files compatible with other commonly used data analysis software such as
Matlab or numPy and allow us to conveniently conduct post analysis of the data
in order to calculate variant attributes such as DW velocities, magneto-resistive
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effects and magnetic field distributions with a time-resolved manner and output
images or cartoons of the domain wall dynamics.
OOMMF uses CPU for its computing power and requires high performance CPU
and RAM for fast running speed. There are other GPU-based micromagnetic
simulation tools available, such as MuMax 3 [43], which can have faster
processing speed. However, OOMMF still has its advantageous for larger user
community, reliable releases, versatility etc.
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2.3

Magnetron sputtering deposition

Magnetron sputtering is a process whereby energetic particles such as Argon are
ionized by high voltage and the high energy ions will eject atoms from a solid
material due to bombardment of the target [44]. It only happens when the kinetic
energy of the incoming particles is much higher than conventional thermal
energies (D 1eV). This process can lead, during prolonged ion or plasma
bombardment of a material, to significant erosion of materials. On the other hand,
it is commonly utilized for thin-film deposition, etching and analytical techniques.
Magnetron sputtering is a type of physical deposition, which is driven by
momentum exchange between the ions and atoms in the materials, due to
collisions [45, 46].
An important advantage of sputter deposition is that even materials with very
high melting points are easily sputtered while in comparison, thermal evaporation
of these materials is problematic or even impossible. This is important for my
research purpose which requires deposition of high melting point metal and metal
alloy thin films such as Tantalum. Moreover, magnetron sputter deposited films
have a composition close to that of the source material, such that it is a great
technique for depositing composites or alloys such as Ni8oFe2o or FexPtoo-x which
requires precise control of the stoichiometry. Although there may still be small
difference of the composition between the sputter target and the deposited films,
which is due to different elements spreading differently because of their different
mass (light elements are deflected more easily by the gas), such difference is
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usually constant for different compositions. Moreover, magnetron sputtered films
typically have a better adhesion on the substrate than evaporated films.
Some disadvantages of the sputtering process are that the process is more
difficult to combine with a lift-off process for structuring the film. This is because
the diffuse transport, characteristic of sputtering, makes a full shadow much more
difficult or even impossible. Moreover, due to the ambient incident angle of the
sputtered ions and thus a side-deposition on the patterned resist will occur which
increase the edge roughness of the resulted structures. Such rough edges is
extremely unfavorable for DW motion since they played as random pinning sites.
We use ultra-high vacuum sputtering which will results in dramatically less
scattering of target atoms and thus make it relatively easier to be lift off. More
importantly, we use a double layer resist with undercut profile in order to prevent
the side deposition and thus reduce the edge roughness, as shown in the
schematic in Fig. 10(b) and the SEM image in Fig. 10(c). Details of such
technique will be discussed later in this thesis. Also, control for layer-by-layer
growth is difficult for sputter deposition compared to pulsed laser deposition.
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Figure 10 (a) Picture the the UHV magnetron sputter system used in our group;
(b) schematic of how a double layer resist with undercut profile can reduce the
side deposition of sputtered ions; (c) Cross-section scanning electron microscopy
of the double layer resist with under-cut profile [47].
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2.4

Electron beam lithography and sample fabrication

In order to pattern the structures being used for my experimental research,
precise lithography (EBL) technique is essential to achieve the goal. We choose
to use electron beam lithography for my patterning processes. EBL is
advantageous for its ultra-high resolution and precision for patterning, which
theoretical limit is approximately the wavelength of the electron beam, which is
less than 1 nm. Although the actual resolution will depend of other factors such
as the photoresist being used, quality of the focus and beam alignment,
electronic properties of the samples etc., it has been shown that sub-10 nm
resolution is achievable using EBL [48].
In our research, two EBL tools have been used, the Raith 150 Turnkey system
and ELS-F125 Electron Beam Lithography tool made by Elionix, as shown in Fig.
11(a) and (b), respectively. The core component of the EBL is a high resolution
SEM, which has been modified for patterning purposes, including addition of
necessary hardware and software such as the Gemini column and the control
software [49].
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Figure 11 (a) Schematic of Raith 150 tool, (b) Schematic of the ELS-F125
Electron Beam Lithography too.

To fabricate a sample with any kinds of structure, we will first spin photoresist
onto the substrate, which usually is silicon with native oxide. The photoresist
being used is usually polymethyl methacrylate (PMMA), which is a negative tone
resist that locations exposed by electron beam will be dissolved by developer
solution. We then load the structure design into the EBL system and the electron
beam will expose the resist following the designed structure. The next step is to
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wash away the photoresist that get exposed by electron beam using developer
solution. We then deposit sample materials on the substrate and finally use lift-off
method to remove all the photoresist.
For the area that are not exposed, the film is deposited on top of the photoresist
and thus will be removed by lift-off. In contrast, for the area that are exposed, the
film is deposited on top of the substrate and thus will remain after the lift-off. We
thus get the sample structures that we want.
Such patterning technique is advantageous for its relatively simple process and
versatility. Any structures can be patterned using EBL. However, such technique
is not suitable for large scale patterning due to its low yield and slow writing
speed. Moreover, there are usually some roughness of the sample edge which
will affect DW behaviors in the sample compare to perfect sample edge. The
results will be discussed in the following chapters.
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2.5

Magnetic force microscope

Magnetic force microscope (MFM) is developed base on the technique of atomic
force microscope (AFM). MFM became popular as a technique that offers high
imaging resolution of the stray field without the need for special sample
preparation or environmental conditions. Since the early 1990s, it has been
widely used in the fundamental research of magnetic materials [50]. The
magnetic transition geometry and stray field configuration in longitudinal
recording media is illustrated in Fig. 12. Nowadays, the main developments in
MFM are focused on the quantitative analysis of the magnetic field data,
improvement of spatial resolution, and the application of external magnetic fields
during measurements [51].

2

Figure 12 Geometry of the magnetic stray field above a longitudinal magnetic
medium (left). Typical variation of the H, (middle) and H, (right) components
above the medium [50].

The MFM technique employs a magnetic probe, which is brought close to a
sample and interacts with the magnetic stray fields near the surface. The tip46

sample magnetic interactions are detected and used to reconstruct the magnetic
structure of the sample surface. The strength of the local magnetostatic
interaction determines the vertical motion of the tip as it scans across the
sample. Many kinds of magnetic interactions are measured by MFM,
including magnetic dipole-dipole interaction, which can be used to understand
the magnetization information of the samples.
MFM scanning often uses non-contact AFM (NC-AFM) mode, in which the
cantilever is vibrated near the surface of a sample without touching the sample.
The spacing between the tip and the sample for NC-AFM mode is on the order of
several to tens of nanometers. When using the NC-AFM mode with a very small
tip-sample distance, even a slight deviation of tip-sample interaction force from
the set point can be fatal to the measurement and thus usually the tip has to be
farther from the sample surface in conventional NC mode, resulting in relatively
poor resolution. However, with the development of technology, higher spatial
resolution can be reached nowadays.
In MFM measurements, the magnetic force between the sample and the tip is
dependent on the gradient of the stray field, which can be expressed as F =
o(m - V)H [52], where m is the magnetic moment of the MFM tip, H is the
magnetic stray field from the sample surface generated by the sample
magnetization. Based on the equation, we know that the force that MFM tip
detected is linear to the spatial gradient of the magnetic field in the direction that
parallel with the magnetization of the tip. The MFM tip is prepared on top of the
cantilever by coating Si tips with Co and FeCo alloy films by ultra-high vacuum
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evaporation. Ideally the tip end is in the size of an atom which allows high
resolution, although in reality, effects such as the side-walls will decrease the
realistic resolution. While working, the cantilever is excited to vibrate close to its
resonance frequency, with a certain amplitude and a phase shift with respect to
the drive signal. The deflection sensor of the microscope monitors the motion of
the tip. The cantilever behaves as if it had a modified spring constant that can be
expressed as CF = c - dF/ az, where c is the natural spring constant and OF/ az is
the derivative of the interaction force relative to the perpendicular coordinate z.
An attractive interaction with OF/ Oz > 0, will effectively make the cantilever spring
softer, so that its resonance frequency will decrease. A shift in resonance
frequency will lead to a change of the oscillation amplitude of the probe and of its
phase. By measuring the phase change, we can thus get the gradient of the
force and derive that into the magnetic field distribution by the equation of F =
pto(m -V)H discussed previously.

(a)

(b)

Figure 13 Photos of the Veeco Metrology Nanoscope IV Scanned Probe
Microscope with integrated magnetic force microscopy function. (a) Photo of the
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tool setup; (b) Photo of the computer user interface (left) and the controlling tools
(right).

The MFM being used in my research is the Veeco Metrology Nanoscope IV
Scanned Probe Microscope Controller with Dimension 3100 SPM (LS) as shown
in Fig. 13(a) and (b). The Dimension 3100 is a large stage microscope operable
in many SPM modes, with a vacuum chuck allowing mounting of full wafers for
analysis. The Nanoscope IV controller is controlled automatically by the
NanoMan software, and Dimension 3100's XY closed loop scanner can be used
together for nanoscale manipulation as shown in Fig 13(a). We use low moment
MFM tips in order to reduce the interaction between the stray field from the tip
and the magnetic moments inside the samples.
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2.6

Anisotropic magneto-resistance

It has long been known that the presence of an external field will cause a change
in the electric resistance of the material because of the Hall effect [53], which the
magnetic field will apply Lorentz force onto the moving charge carriers and
deflect the charge carriers from the current direction. Similar as the Hall effect
caused by external field, anisotropic magnetoresistance (AMR) is an effect that
the resistance of a ferromagnetic material will depend on the angle between the
directions of magnetization orientation and current flow, due to the effect on
transport electrons by intrinsic magnetization in a ferromagnet [4]. Compare to
the normal Hall effect on resistivity for non-magnetic materials which has the
form as following:
ApOC (H
p

2

(2.1)

p

For ferromagnets the Hall resistivity has an extra term PSH

=

[oRM. This effect is

therefore called anomalous Hall effect. This anomalous Hall effect reflects that
the magnetoresistance in a ferromagnet is expected to have a spontaneous
contribution that depends on the orientation of magnetization which is referred to
as the AMR.
Using Kohler's rule, the AMR can be calculated with the following equation:

+b

Loc a

Or more specifically,
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(2.2)
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Where 0 is the angle between the directions of electrons flow and the direction of
the magnetic moment. When the magnetic moments are parallel or antiparallel
with the electron flow, we know that cos 2 0

=

1 and such situation will result in the

highest change of resistivity Ap(H). In comparison, when they are perpendicular
with each other, cos 20

=

0 and result in the lowest Ap(H).Because of the

anomalous Hall effect, with the existence of a DW, the magnetoresistance will
drop because part of the magnetic moments are perpendicular with the current
flow. However the AMR is a relatively weak effect (about 1%-2% change in the
resistivity) compare to other magnetoresistance effects such as giant
magnetoresistance (GMR) or tunneling magneto-resistance (TMR). The
advantage of using AMR to characterize magnetization change is it does not
require additional structures such as the multilayer magnetic tunnel junctions
(MTJ) to detect TMR.
The measurement set used in my group is shown in Fig. 14. We wire-bonded the
sample electrodes to a green chip carrier as shown in Fig. 14(c), which is
designed for high frequency pulse injections and measurements. The sample is
placed in an electro-magnet as in Fig. 14(b), which can generate a maximum
field of +3000 Oe. We used the four-contact technique to measure the AMR in
order to remove the effects from contact resistance and thus get better resolution
of the intrinsic resistance change due to the DW. Moreover, the reference current
for the resistance measurement must be much smaller than the critical current for
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DW motion in order to avoid any spin torque effects from the reference current.
We use a typical reference voltage of approximately +2 V and the sample is
connected with a protection resistor of Rresistor = 10s fl. The current density from
the reference is thus approximately:

JRef = I/S ~ ( Rresistor )/(W * T)

; 5 x 10 9 A/m 2

(2.4)

Where W and T are the width and thickness of the nanowire, which have a
typical value of 300 nm and 20 nm, respectively.

JRef

is thus about two orders

lower than the typical critical current density for DW motion [10, 54], which is in
.

the range of 10111012 A/m 2
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(aC)

Figure 14 Tool set up for magnetoresistance measurement. (a) From up to down
are the oscilloscope to monitor the pulses injected into the sample, high-voltage
pulse generator, lock-in amplifier for four-contact resistance measurement and
high frequency pulse generator; (b) Electro-magnet which can generate a
maximum field of 3000 Oe with a resolution of I Oe; (c) sample being bonded on
a high-frequency compatible chip carrier.
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3. Edge taper effects on 1800 DW behaviors
3.1

Introduction

DW behaviors are mostly theoretically studied and simulated in perfect
rectangular nanowires. However, it has been known that the nanowires are not
perfect in real world. Besides, we also know that geometry plays an important
role in DW dynamics when driven by spin current or magnetic field [40]. In this
chapter, we will thus study how the natural geometry variations from perfection
originating from the fabrication process will affect the DWs in both static
configurations and dynamic behaviors.
Sputter deposition is commonly used for thin film growth due to its precise and
reliable control over uniformity and stoichiometry, but sidewall deposition on the
resist will impede liftoff when using single layer resist. We know that edge
roughness will lead to random pinning sites during DW motion and is unfavorable
for DW device applications. In order to reduce the side wall deposition, an
undercut resist profile can be employed to improve edge roughness of the
patterned features, using a bilayer resist, where the two layers have different
solubility in the developer after exposure, as shown in Fig. 15(a). To illustrate
this, a methyl methacrylate (MMA)-polymethyl methacrylate (PMMA) bilayer
resist was exposed by electron-beam lithography and then developed by MIBKIPA developer to achieve the undercut profile. DC magnetron sputter deposition
was used to deposit Ta (5 nm)/Ni8oFe2o (12 nm)/Au (3 nm) multilayers, with Ar
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pressure of 1 mTorr and base pressure of 2x10-8 Torr, followed by the lift-off
process to remove all the remaining photoresist.

(a)

(b)

Sputtered Ions

(c)
+20

-0

+20

0

0.50

Jim

MMA 30nm
1.50
1.00

20
0

MMA=15nm
2.00
1.00

Pun

Figure 15 (a) Schematic showing that an undercut double layer resist diminishes
side-wall deposition by sputtering on the features remaining after liftoff (b) AFM
images showing good edge roughness and a tapered cross section of a wire
made using an undercut resist. (c) Cross-sectional geometry of two wires made
using bilayer resist. The right panel shows a wire with a thinner MMA layer [3].
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3.2

Control and quantification of edge taper

Fig. 15(b) shows an AFM image of a wire made by the above method. The wire
has much lower edge roughness than a wire made from single-layer resist, which
is preferable. Besides, we find that it also induces a significant edge taper which
may affect the DWs within. In order to quantify the amplitude of the tapering, we
define the slope by s = T: (Wmax - Wmin)/

2,

with Wmax the maximum wire width

(the bottom) and Wmin the minimum width of the wire (the flat top facet). Slope of
up to s ~ 10 nm: 500 nm = 1: 50 can be formed as shown in the left panel of Fig.
15(c), which is the cross-section AFM of the resulted thin film nanowire profile.
The samples showed a stepped cross section for MMA layer with thickness of 30
nm, and when the undercut MMA layer was thinner (15 nm instead of 30 nm), the
cross section consisted of a thicker center part on a wide, thin base as shown in
the right panel of Fig. 15(c), where the widest region of the wire was about twice
that of the upper two thirds of the film and a clear step was visible. The results
illustrate the formation of wires with significant tapering, whose cross section
deviates significantly from a rectangular shape.
The actual wire width for the bottom of the tapered wire, top of the tapered wire
and the reference rectangular wire with dependence of the nominal width in
design has been plotted in the same graph as shown in Fig. 16. This plot clearly
confirms the tapered profile by using double layer resist. Besides, by controlling
the thickness of the resist layers and the amplitude of the undercut, we are able
to control the amplitude of the taper slope correspondingly. We have also
observed that thicker resist layer will result in a more uniformed taper instead of a
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step-like taper and larger undercut will result in higher taper angle. It has also
been noticed that the actual wire width is normally higher that the nominal width,
this is because we use a slightly higher dosage during the exposure in order to
facilitate the undercut formation, which also makes the sample a bit overdosed
from optimal.

Wire from single
layer resist

1400
O1200
E
Z1000

Bottom of

tapered wire

S800
600
Top of

400

tapered wire
I

200 300 40' 500 600 700 800

Nominal Width (nm)
Figure 16 Plot of the actual wire width for the bottom of the tapered wire, top of
the tapered wire and the reference rectangular wire with dependence of the
nominal width in design [3].
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3.3

Effects on DW configurations

The observed wire profile motivated our micromagnetic study of DWs in
trapezoidal wires using OOMMF code [55], which is based on solving the
Landau-Lifshitz-Gilbert equation discussed in section 1.4, with both adiabatic
and non-adiabatic spin torque terms included to quantify the effect from the spin
current. The simulations do not include thermal fluctuations and correspond to 0
K simulation temperature. The parameters used in the simulation for Ni8oFe2o
were an exchange constant A = 1.3

x 10-6

erg/cm, saturation magnetization

MS = 800 emu/cm- 3, Gilbert damping factor a = 0.02 and non-adiabatic torque
coefficient P = 0.03 [19]. The magneto-crystalline anisotropy was taken as zero
for soft ferromagnetic material. The wire length was 5 prm and thickness
was 12 nm. The cell size used was 5 nm x 5 nm x 4 nm which is comparable to
the exchange length of Ni8oFe2o (~

5 nm), ensuring physically sound simulation

outcomes. In order to simulate the tapering, the width of the wire was varied for
the three layers of cells in the out-of-plane (z) direction. We only consider
symmetric trapezoid-like geometry in this section for simplicity, which is also a
good approximation based on experimental observations. The cross-section
shape is defined by Wmin and Wmax and we assume the middle layer has a width
of Wmid = (Wmin + Wmax)/

2.

For example, Wmin = 200 nm and Wmax = 300 nm

means the top, middle, and bottom layers of cells have widths of 200, 250
(= Wmid),

and 300 nm, respectively. To model DWs in a stepped film such as in

the right-hand image of Fig. 17(c), a wire with bottom layer width of 400 nm and
middle and top layers of 200 nm was simulated. Taper chosen for the model
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I
were shallow, e.g., 140 for Wmin = 200 nm and Wmax = 300 nm, but were still
steeper than the experimentally measured average taper angles which were up
to 1.20.
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Figure 17 (a)-(c) and (e)-(h) show DWs of different types in either a rectangular
wire or a tapered wire, with the center, thick part of the wire indicated in (e)-(h).
(a)-(b) TW or VW formed in a rectangular wire with W= 170 nm; (c) A TW formed
in a rectangular wire with W=200 nm; (d) The initial state used in the tapered
wires to facilitate formation of VWs; (e)-(f) A TW or VW formed in a trapezoidal-
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like wire: slight discontinuity of the magnetization can be seen at the edge; (g)(h) A TW or VW formed in a stepped wire: greater discontinuity can be observed
than in (e) and (f). Arrows mark the location of the step [3].

To produce TWs in the nanowires, the magnetization in the first 2.3 pm length of
the wire was initialized along +x, where the x-axis is parallel to the wire, and the
last 2.3 prm length of the wire was initialized along -x. The central 0.4 [im of the
wire was initialized to be along +y (in plane transverse to the wire). In
comparison, to produce VWs, an initial configuration shown in Fig. 17(d) was
used, where the magnetization was arranged to form an approximate vortex to
facilitate convergence of the simulation into a VW. After relaxing the structure
from these different initial conditions, the lowest energy configuration was
selected as the equilibrium configuration of the DW.
Simulations were first done on rectangular cross-sectional wires (Wmin = Wmax =
W). For a fixed film thickness of 12 nm, a TW is favored when W < 170 nm and a
VW when W > 170 nm, corresponding to a phase boundary of T -W = 12862,
consistent with reported results [55]. In wider wires, a VW had lower energy, and
simulations of TWs produced an asymmetric-transverse wall (ATW) as the
metastable state instead of a symmetrical TW as shown in Fig. 17(c). This has
also been observed in previous simulation reports [56]. Simulations were then
conducted on trapezoidal-like wires with the same film thickness of 12 nm and

varying width and taper defined by Wmin, Wmid, and Wmax. Resulted DW
configurations are shown in Fig. 17(e)-(h). For the smoothly more tapered wires
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of Fig. 17(e) and (f), the VW is the lowest energy configuration. The
configurations of VW and TW broadly resemble those in the rectangular wires
except there is a larger component of magnetization perpendicular to the wire
edges in the tapered wire.
For a wire with more prominent stepped thickness profile in the right-hand inset
image in Fig. 18(c), further distortions in the DW configuration occur. Fig. 17(g)
and (h) shows a simulated TW and VW in a wire, where the width of the middle
and top layers of the wire is the same (Wmin = Wmid). For both the TW and the
VW, abrupt variations in the wall structure are evident at the location of the step
in the wire width. The total energy per unit volume, consisting of demagnetization
energy and exchange energy, was calculated for different wire geometries. As
shown in Fig. 18(a), in a rectangular wire, as the width W increased the energy
per unit volume increased for a TW, but decreased for a VW, giving a transition
from TW to VW at a width of W = 160 nm in the simulation of the 12 nm thick
Ni8oFe2o wire. A similar trend was found for trapezoid wires if the taper angle was
fixed by fixing (Wmax - Wmin), and varying Wmin as shown in Fig. 18(b).
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Figure 18 (a) DW energy density dependence on rectangular wire width; (b) DW
energy density in dependence on trapezoidal wire width. Energy plotted versus
Wmid

=

(Wmax + Wmin)/2, for a fixed taper of Wmax - Wmin = 40 nm; (c) DW

energy density versus taper for fixed wire volume. Energy is plotted
versus Wmax - Wmin. The top axis shows the corresponding taper angles; (d) DW
demagnetization energy density and exchange energy density versus taper for
I

fixed wire volume [3].

However, if the volume of the wire was held constant by fixing the average

width (Wmax + Wmin)/2, while varying the taper amplitude Wmax - Wmin, the
energy per unit volume will decrease with increasing taper for both TWs and
62

VWs as shown in Fig. 18(c), which is plotted for wires with identical average wire

width Wmid

= (Wmax + Wmin)/2

= 180 nm. For this value of Wmid, the TW energy

decreased faster with increasing taper than did the VW energy. This led to a
transition from TW to VW when Wmax - Wmin> 80 nm. The implication is that
tapering the wire while preserving its volume promotes TWs over VWs.
This transition occurs because the demagnetization field at the tapered edges of
the trapezoidal wires is affected by the taper. This can be better understood by
plotting the demagnetization energy

Edemag

and exchange energy Eex versus

amount of taper separately for both TW or ATW and VW. In Fig. 18(d), the wall
energy was calculated by subtracting the total energy for a simulation containing
a DW from the total energy of the wire when it formed a single domain (ground
state). A TW or ATW had a greater demagnetization energy than a VW, which is
consistent with results on rectangular wires [11]. However, by increasing
tapering,

Edemag

of a TW/ATW decreased much faster than

which is why tapering promotes the TW configuration.
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Edemag

of a VW,

3.4

Effects on DW dynamics

We now consider the effects of edge taper on the current-driven dynamic
behavior of DWs. A spin current in the range of 60 to 280 m/s with 20 m/s step
size was applied, with non-adiabatic parameter P = 0.10. Eight different
geometries were compared, with fixed thickness of T = 12 nm: rectangular cross
sections with W = 140, 160, 180, 200 and 220 nm in which the stable DW type
changes from TW to VW with increasing width; and tapered wires of 1) Wmin =
140 nm, Wmax = 180 nm; 2) Wmin = 120 nm, Wmax = 200 nm and 3) Wmin =

100 nm, Wmax = 220 nm. The three tapered wires have the same cross-sectional
area and average width of 160 nm, but different taper widths of 40, 80, and 120
nm, respectively. From theoretical studies [57, 58], we know that Walker
Breakdown (Walker Breakdown) will start to occur in a rectangular wire when:

(P - a)

yA

= 2=xM,|N yIN
- NI
N

(3.1)

Where uc is the critical spin current velocity, y the gyromagnetic ratio, A the DW
width, MS the saturation magnetization and N the demagnetizing factor. The
geometry of a rectangular wire yields NY + Nz

1 and Ny/Nz = T/W, leading to a

criterion for Walker Breakdown given by:

( c) -N--C LA
) = 21TtMsINy

(3.2)

Zi 0

1AVsiy

W+T

I(32

From the simulation results shown in Fig. 19(a), below Walker Breakdown, in all
four cases the ratio: DW velocity/spin current velocity = P/a = 5, as expected
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[58] from Fig. 19(a), Walker Breakdown took place in the interval u = 120 m/s
to u = 140 m/s for all the three rectangular cases, independent of whether the
initial geometry was TW or VW. This is consistent with theory [58] since the
differences in INy - NzI between the three cases is within 14%. However, for the
trapezoid wire with tapering of 40 nm, the transition from steady motion to Walker
Breakdown happened at a critical spin current velocity of u = 180 m/s,
approximately 30% higher than in the rectangular wires. After Walker
Breakdown, the average DW velocity dropped significantly which is consistent
with the behavior of rectangular wires, although it is worth pointing out that the
average velocity calculated within the Walker Breakdown regime is not as
accurate as that below Walker Breakdown due to the time-varying velocity during
the limited simulation time.
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Figure 19 DW velocity dependence on spin current velocity for wires with
different geometries. (b) Snapshots of DW configuration during Walker
Breakdown (u = 180 m/s) for a 160 nm wide rectangular wire. (c) Snapshots of
DW configuration during Walker Breakdown (u = 180 m/s) for a trapezoid wire
Of Wmin = 140 nm and Wmax = 180 nm. (d) Snapshots of DW configuration during

vibrational instability (u = 240 m/s) for a Wmin = 100 nm, Wmax = 220 nm
trapezoid wire [3].
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Fig. 19(b) and (c) shows snapshots of the wall during Walker Breakdown (u =
180 m/s) in the bottom layer of the rectangular wire with W = 160 nm and the
trapezoid wire with Wmin = 140 nm and Wmax = 180 nm, respectively. The
configuration changes during Walker Breakdown were similar for both cases, but
the trapezoid wire required a longer time to form an anti-vortex core. The critical
spin current velocity for Walker Breakdown caused by this amount of edge taper
is about the same as seen in the case of thin rectangular wire with W = 180 nm
made of only one 4 nm layer. The higher critical current from edge taper is
presumed to be caused by the thin edge of the wire impeding the formation of the
anti-vortex, which is necessary for Walker Breakdown and allowing the DW to
remain stable to higher spin current velocities and reach a higher DW velocity.
By raising the taper width to 80 and 120 nm, steady DW motion took place
until u = 160 m/s. However, increasing the spin current velocity beyond this did
not lead directly to Walker Breakdown. Instead, the DW underwent what we
describe as vibrational instability. As shown in Fig. 19(d), instead of transforming
between TW & VW by generating a vortex core, DW transformed to asymmetric
TW-like configuration, but was not able to overcome the energy barrier required
to form a VW and returned to its original TW configuration. For this reason, when
analyzing its velocity over time, instead of oscillating between negative and
positive values in the Walker Breakdown regime, the velocity only oscillated
between a lower positive value and a higher positive value in the vibrational
instability regime. From Fig. 19(a), the average velocity in the vibrational
instability regime is about the same as that of the steady motion at u = 160 m/s
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and much higher than that of the Walker Breakdown regime. It is worth noting
that this vibrational instability regime may also occur in the 40 nm tapered wire,
but due to the step size used in our simulations (Au = 20 m/s), this may not have
been detectable in this wire. With further increase in spin current, a transition
from vibrational instability to Walker Breakdown took place at u = 240 m/s and
u = 280 m/s for the 80 nm tapered wire and 120 nm tapered wire, respectively.
To explain the existence of the vibrational instability regime, we consider the
quasi-1-Dimensional model of DW motion. In this model, the spin transfer torque
(STT) tilts the magnetization of the center of the DW out of plane and this torque
is balanced by the demagnetization field at the surface originating from shape
anisotropy. When the current is too high, the demagnetization field is not able to
balance the STT and the magnetization is able to precess in the plane normal to
the DW motion direction. However, when the film is tapered, the demagnetizing
field varies across the width and the demagnetization field at the edge is still able
to balance the STT at a spin current velocity that would cause the thicker central
part of the DW to undergo precession. This competition between the edge and
the center thus shifts the critical current for Walker Breakdown.
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3.5

Conclusion

In this chapter, we studied the effects on DW configurations and dynamics from
-

the naturally resulted geometry variation from perfect rectangular nanowire

edge taper. In order to achieve the goal, we first illustrated that a double-layer
photoresist with undercut profile after exposure and developed will help to reduce
the edge roughness from side-wall deposition, as well as introducing edge taper
in the resulted sample nanowires. We have experimentally proved that the
amplitude of the edge taper can be controlled by controlling the resist thickness
and undercut amplitude during the fabrication process.
We then illustrated that such naturally resulted edge tapers will distort the DW
configurations at the edge compare to the configurations in rectangular
nanowires, such as transverse DWs or vortex DWs, which is due to the variation
of the stray field from the wire center to wire edges. Moreover, edge taper makes
VWs more energetically favorable than TWs. We have observed that for wires
with the same mean width, the ones with smaller edge taper favored TW while
the ones with larger edge taper favored VW. This transition occurred because by
increasing tapering,

Edemag

of a TW/ATW decreased much faster than

Edemag

of a

VW, which is also due to the variation of demagnetization field at the edges.
We have also found that the edge taper will also affect the DWs' response to a
current, delaying the onset of Walker Breakdown, which is an unfavorable
phenomenon for applications. This effect is due to the higher demagnetization
field stabilizes the magnetization of the DW at the edges. This then prevents the
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vortex cores from generation, which is necessary for the Walker Breakdown to
happen. Although other methods have been demonstrated to increase the critical
current for Walker Breakdown, the edge taper demonstrated provides a
convenient and easily implemented strategy to tailor the DW structure and
current-driven dynamics in magnetic wires with relevance to DW memory and
logic devices.
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4. Edge taper effects on PMA Materials
4.1

Introduction

We have found in chapter 3 that the intrinsic edge taper resulted from undercut
resist profile and the ambient nature of sputter deposition will affect the DW
properties in a soft ferromagnetic nanowire such as Ni8oFe2o. Such effects are
majorly originate from the variation of demagnetization field from the center to the
edges. Besides soft ferromagnetic materials, materials with PMA are of intensive
study due to their distinct properties and corresponding DW behaviors compare
to soft ferromagnetic materials. For example, PMA materials such as [Co/Pd]n
multilayers and Llo-FePt are intensively studied and widely used in a variety of
magnetic recording and logic devices due to that high anisotropy promotes
thermal stability at low dimensions [23, 59-61]. Based on these background, it
would be of great interest to understand how the edge taper will affect the PMA
properties and thus affect the magnetic behaviors in such material systems [47].
In such high PMA systems, the contribution of the demagnetization field is
relatively small compare to their PMA and thus the variation of PMA plays a key
role in explaining the edge taper effects. In this chapter, we will first discuss the
origin of the PMA in these two material systems and then discuss the different
effects of edge taper on the variation of PMA. We will finally discuss how such
variation of PMA will affect DW and magnetization properties in the samples.
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The origin of PMA for [Co/Pd]n multilayers and Llo-FePt are different. In [Co/Pd]n
multilayers, the anisotropy is attributed to an interfacial contribution. This type of
perpendicular magnetic anisotropy, a so-called interface or surface anisotropy,
was first described by N6el [62] to result from the lowered symmetry at the
surface or interface. The inverse dependence of HK on Co layer thickness,
metallic electrical resistivity behavior, negligible enhancement in magnetization,
and a sharper Co compositional profile estimated from low angle x-ray diffraction
support relatively sharp interfaces [63]. The Co atoms at Pd interfaces are thus
more easily polarized perpendicular to the film surface. As the Co layer
increases, the influence of interior Co atoms becomes more important and the
magnetic easy axis switches to in-plane.
In contrast, the high anisotropy along the [001] perpendicular out-of-plane
direction of Llo-FePt originates from the spin orbit coupling of Pt and strong
hybridization between the Pt 5d and Fe 3d electronic states. However, in its room
temperature as-deposited form, FePt deposited on top of MgO [001] substrate
adopts a disordered face center cubic ordering which is magnetically soft. After a
heat treatment such as a post anneal or rapid thermal anneal, due to the different
thermal expansion coefficient between the substrate and the FePt film, a tensile
strain will be introduced to the film to facilitate the formation of an ordered L1o
phase (face-centered tetragonal). When the strain is high enough, the ordered L1oFePt will have the same [001] orientation as MgO substrate. However, a L1bFePt with [111] orientation can also be formed. The crystal structures for
disordered and ordered FePt are shown in Fig. 20.
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Figure 20 Schematic of FePt crystal structures of (a) fcc disordered phase with
in-plane magnetization; (b) fct (001) L1b phase with out-of-plane magnetization;
(c) fct (111) L1o phase with tilted magnetization [64].
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1

4.2

Experimental implementation of PMA variation

Similar patterning and deposition process as shown in Fig. 15(b) has been used
to fabricate the nanowires and Fig. 16 in chapter 3 showed the plot of actual wire
width from AFM vs. nominal wire width from design for the [Co/Pd]n multilayer
samples using single-layer resist and MMA-PMMA double-layer resist,
respectively. Wires made using double-layer resist had a tapered shape with top
width of approximately 10%-25% higher than nominal and base width about
twice as large.
[Co (0.6 nm)/Pd (1.2 nm)]n multilayers were prepared by UHV magnetron sputter
deposition method described in chapter 2, of Co and Pd layers alternately under
an Ar pressure of 1 x 10-2 Torr and a base pressure better than 3

x 10-

Torr.

Sputter deposition power of 25 W was used, resulting in 0.62 and 1.86 nm mindeposition rate for Co and Pd, respectively. The Co and Pd layers' thicknesses
have been varied and the above thicknesses were chosen to maximize the PMA
in continuous films. The PMA in [Co/Pd]n multilayers originates from interfacial
anisotropy which is induced by lattice mismatch strain [65-67]. Greater PMA can
be achieved by increasing the number of interfaces or optimizing the interfacial
structure in [Co/Pd]n multilayers.
Films with different layer repetitions of n = 10,15, 20, and 25 were prepared and
out-of-plane magnetic hysteresis loops were measured using VSM. The coercive
field increased from 1020 + 50 Oe for n = 10 to 2250 + 50 Oe for n = 15; as
shown in Fig. 21(a). Further increasing the repetitions up to 25 only increased the
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coercive field slightly to 2300 + 50 Oe. Saturation magnetization Ms of the four
samples was between 200 and 230 emu cm-3 , and there was no systematic
variation with n. The uniaxial anisotropy of the material, defined by Ku =

1
2

MsHk

with anisotropy field Hk determined from extrapolation of the in-plane loops to

+

saturation, was 5.90 + 0.50 x 105 erg cm-3,7.45 + 0.60 x 105 erg cm-3, 7.78

0.60 x 10s erg cm-3, and 8.20 + 0.60 x 10s erg cm- 3 for n = 10, 15, 20, and 25

samples, respectively. This is the net anisotropy which is the sum of the shape
anisotropy and the interfacial anisotropy. We have also calculated the anisotropy
by measuring the difference between the areas of the hard axis loop and the anhysteretic easy axis loop, which gave similar results.
[Co (0.6 nm)/Pd (1.2 nm)]20 multilayers with a coercive field of 2280 + 50 Oe and
thickness of 36 nm were used in further experiments. Nanowires with nominal
widths of 200 nm, 300 nm, 500 nm, and 800 nm using either double or singlelayer resist liftoff process were made. The measured wire widths are shown in
Fig. 16.
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Figure 21 (a) Out-of-plane hysteresis loop of continuous [Co(0.6 nm)/Pd (1.2
nm)]n films with different repetitions n. Both in-plane and out-of-plane loops for
n=20 are included. (b) XRD showing the (111) peak in [Co/Pdn arising from the
textured film growth. (c) and (e) Out-of-plane and in-plane hysteresis loop of
annealed continuous Llo-FePt films grown on MgO (001) substrate with
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s0

thicknesses of (c) 10 nm and (e) 20 nm; (d) and (f) XRD of (c) and (e),
respectively, indicating LI o-ordered crystalline structure. (111) for LI o-FePt (~
41.10) is covered by the MgO main peak and cannot be observed [47].
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4.3

Effects on magnetic reversal process

Magnetic reversal of patterned [Co (0.6 nm)/Pd(1.2 nm)]2o nanowires was studied
using MFM. A +10 kOe field in the +z direction was first applied to fully saturate
the magnetization out-of-plane, then a smaller reverse field HREV was applied in
the -z direction. At

HREV =

-1 kOe, reversed domains nucleated first at the

tapered edges of the wires [Fig. 22(a)]. As shown in Fig. 22(b), when HREV was
increased to -2 kOe, the reverse domains at the edge propagated towards the
center, for nominal widths of 200 nm, 300 nm, and 500 nm. For 800 nm wide
wires, reverse domains additionally nucleated at the center, characteristic of the
un-patterned film. When the field is increased to

HREV

= -3 kOe, which is above

the coercive field, a nearly complete reversal of the tapered wires is observed. In
comparison, in the non-tapered wires, magnetization reversal starts at

HREV =-2

kOe throughout the wire as shown in Fig. 22(d).
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B: 450nm

T: 380nm
8: 655nm

T: 550nm
B: 930nm
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B: 1350nm
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Figure 22 MFM images of [Co/Pd] 2o nanowires prepared with double-layer resist,
samples were first saturated by HsAT

=

10 KOe, then a reverse field of HREV was
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applied and samples were imaged at remanence. (a)
-2 KOe; (c)

HREV =

HREV =

-1 KOe; (b)

HREV =

-3 KOe. T and B represent the width at the top and base. (d)

Reversal process in non-tapered reference samples [47].

The reduction of PMA at the edges of the tapered wires occurs because the
tapering leads to thinner Co and Pd layers in the multilayer which lowers Ku [68].
In un-patterned films, reducing the Co layer thickness from 0.6 nm to 0.3 nm or
reducing the Pd layer thickness from 1.2 nm to 0.5 nm will fully eliminate PMA.
As the wire thickness continues to decrease towards the edges, the Co and Pd
layers become discontinuous which further degrades the interface-induced PMA.
There may also be a change in stoichiometry [63] if the arriving fluxes of Co and
Pd have different angular distributions.
We now discuss the behavior of tapered PMA Llo-FePt wires on MgO (001)
substrate. Different from [Co/Pd]n multilayers, the high PMA in a (001)-oriented
Llo-FePt film, which can be described as alternating monolayers of Fe and Pt
atoms, originates from the spin orbit coupling of Pt and strong hybridization
between the Pt 5d and Fe 3d electronic states. (001)-oriented Llo-FePt films with
high PMA are made by depositing FePt on top of single crystalline substrates
with (001) orientation such as MgO, KTaO3, and SrTiO3. Heat treatment during a
post-deposition anneal (PA) or rapid thermal anneal (RTA) introduces tensile
strain in the FePt film, which favors the formation of ordered Llo-FePt with (001)
texture [68-70].
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The PMA in Llo-FePt is dependent on the strain at the interface with the MgO
substrate and experimentally, the PMA decreases with increasing FePt film
thickness. Fig. 21(d) shows the XRD data of continuous FePt films with 10 nm
and 20 nm thicknesses after a post-deposition vacuum anneal at 700

0C

for 2 h.

The (001) family of peaks of Llo-FePt was observed in both films, confirming the
existence of the ordered L1o phase. The ratio of super-lattice peak to the

fundamental peak intensity was I(oo1)/I(o02) = 0.57 for the 10 nm film but only
0.49 for the 20 nm film, confirming better ordering for the 10 nm film [69]. The 20
nm film is also believed to include a larger proportion of (111)-oriented grains
whose easy axis is tilted 360 with respect to the film plane. The magnetic moment
contributed by the diamagnetic MgO substrate was measured in the in-plane and
out-of-plane orientations and the VSM loops for FePt films were corrected by
subtraction of the appropriate substrate contribution. The anisotropy was
calculated from the VSM hysteresis loops in Fig. 21(c) in the same way as used
for the Co/Pd films.
Using Ms = 700 + 50 emu cm-3 , Hk = 76.5 + 0.1 kOe for the 1Onm film and
64.6 + 0.1 kOe for the 20 nm film, obtained by extrapolating the in-plane loops to

saturation, we obtain K 0"' = (2.68 + 0.20)
(2.24 + 0.18)

x 107

x

107 erg cm- 3 K

"" =

erg cm-3 . Therefore, the 10 nm film had better order and

crystallographic texture and higher anisotropy than the 20 nm film. This is
expected to enable the nucleation of reverse domains at a lower applied field in
the thicker film. However, VSM also showed that the coercive field for annealed
continuous films is Hi 0"m = 1700 + 100 Oe and H zon' = 3300 + 100 Oe. The
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higher coercivity for the 20 nm film, seen in both in-plane and out-of-plane loops,
is attributed to a greater film inhomogeneity and pinning of DW motion as a result
of the strain gradient and the presence of (111) oriented grains [71-73].
These differences suggest that the tapered edges of the L1o-FePt would have a
higher PMA than the wire center. The wires were 25 nm thick and prepared
under the same conditions as the continuous films and annealed after liftoff. As
shown in Fig. 23, magnetization reversal began in the tapered wires at

HREV =

-2 kOe and the density of reverse domains was higher at the wire center than at
the tapered edge. This is consistent with our expectation that lower PMA at the
wire center facilitates DW nucleation for Llo-FePt. Although preferential
nucleation of reverse domains was observed at the wire center, the effect is less
distinct compared to [Co/Pd]20: despite the difference in domain density and size,
the reversal process at the center and the edge both took place at

HREV

=

-2 kOe within the measurement resolution. When the reversal field increased to
HREV

= -3 kOe, the proportion of reversed magnetic domains also increased and

domains were present uniformly across the wire.
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Figure 23 MFM images of LIc-FePt nanowires prepared with double-layer resist,
samples were first saturated with an out-of-plane field of HSAT

=

+10 kOe, then a

reverse field of HREV was applied and samples were imaged at remanence. (a)
HREV =

-1 kOe; (b)

HREV

=

-2 kOe; (c) HREV

width at the top and base [47].

82

=

-3 kOe. T and B represent the

Micromagnetic simulations in [Co/Pd]2o and Llo-FePt nanowires were done using
OOMMF. The wire length was 3 pam and the cell size was 5 x 5 x 6 nm 3 for
[Co/Pd]2o and 5 x 5 x 4 nm 3 for FePt. The systems were 6-layers of cells thick,
making the wire thickness in simulations (36 nm for [Co/ Pd]2o and 24 nm for
FePt) approximately the same as experiments. The edge taper was simulated by
assigning 400 nm, 600 nm, and 800 nm width to the top two, middle two, and
,

bottom two layers of cells, respectively. For [Co/Pd]20, Ms = 200 emu cm-3
exchange constant A = 1.0

x 10-6

erg/cm, and uniaxial out-of-plane anisotropy

was KU = 7.5 x 10-, 3.75 x 105 and 0 erg cm- 3 in the 36 nm, 24 nm, and 12 nm
thick regions, respectively. For Llo-FePt wires, M, = 7.0 x 102 emu cm- 3, A =
1.0 x 10-6 erg/cm and Ku = 2.0 x 10 7 , 2.2 x 107 and 2.4 x 107 erg cm- 3 in
the 24nm, 16nm, and 8nm thick regions, respectively. Damping constant a was
set to 0.5 for rapid convergence. The initial magnetization was saturated in the
+z out-of-plane direction, then different fields in the -z direction were applied
and the magnetization state was calculated. The model had periodic boundary
conditions along the wire length.
Fig. 24(a) shows the [Co/Pd]20 model results. The 12 nm thick regions at the
edge had an in-plane remanent magnetization state because the PMA was zero
and the magnetization tilted out-of-plane as the thickness increased. The 12 nm
thick edge tilted out-of-plane in a reverse field HREV = -1 kOe. On increasing the
reverse field to HREV = -1.4 kOe, the 24 nm thick region was also reversed as in
the third panel of Fig. 15(a). All the regions including the central 36 nm thick
region were reversed at HREV = -2 kOe as in the last panel. After removing the
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-1 kOe or - 1.4 kOe reverse field, the model relaxed to a remanent state similar
to the first panel of Fig. 24(a), without residual domains. Such simulation results
indicate that the lower PMA edge reverses before the higher PMA center similar
to the experiment results. The simulation did not reproduce domain formation
and propagation, presumably because the model did neither include local
anisotropy variations due to, for example, poly-crystallinity in the film or shape
variation in the resist mask nor thermal fluctuations.
In comparison, as shown in Fig. 24(b), in simulations for Llo-FePt thin film wires,
the magnetization remained out-of-plane at remanence across the wire due to
the much higher PMA. The 24 nm thick center (lower PMA) started to reverse at
HREV

= -22 kOe, while the 16 nm and the 8 nm thick regions (higher PMA)

reversed at

HREV

= -24 kOe and -28 kOe, respectively. The modest changes in

reversal field reflect the relatively small variation of PMA with thickness, which is
qualitatively consistent with the experimental observations. We also see that the
simulated reversal is much higher than experiments because the direction of K1
was the same for all cells leading to coherent reversal at much higher fields than
in experiments.
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Figure 24 OOMMF simulations of [Co/Pd] 2 o and L1o-FePt nanowires with PMA,
samples are first saturated in the +z (out-of-plane) direction. The images show
only the widest layer at the base. The positions of the middle layer (600 nm) and
the top layer (400 nm) of cells are labeled in the first panel. Red and blue
shadings indicate the direction of M_ (up or down). The arrows show the
projection of the magnetization vector (white or black dots represent out-of-plane
arrows). The images show the magnetization state of (a) [Co/Pd] 2o nanowires
measured in the presence of field HREV; (b) LIo-FePt nanowires measured at
remanence after applying field

HREV

[47].
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4.4

Conclusion

In this chapter, we have studied the effects of the edge taper on the variation of
PMA in two different materials systems, [Co (0.6 nm)/Pd (1.2 nm)]20 multilayers
and Llo-FePt grown on MgO (001) substrate. Tapered samples with different
width and thickness are prepared using similar fabrication process as that in
chapter 3, which generates edge taper by using double layer MMA-PMMA
photoresist.
We have experimentally demonstrated that PMA is lower at the edges for
[Co/Pd]20 multilayers while higher at the edges for Llo-FePt. This opposite
thickness-dependence of PMA is related to the origin of anisotropy in both
systems and affects whether the edge or center of the wire reverses at lower
field. The differences are more prominent in [Co/Pd]20. Such variation of PMA
have been illustrated by analyzing the magnetic reversal of the samples at
different fields. It has been found the magnetic moments are easier to be
reversed at the edge for [Co/Pd]20 multilayers while harder to be reversed at the
edge for L1o-FePt.
The ability to tune PMA via the edge profile provides a tool for controlling the
reversal process and could also affect other edge-related properties such as
ferromagnetic resonant modes [74] or DW [3] or skyrmion dynamics.
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5. 3600 DW behaviors and geometry manipulation
5.1

Introduction

As we have already discussed in section 1.1, magnetic DWs in narrow nanowires
can represent data tokens for devices such as racetrack memory and logic gates
[35, 37, 39]. By offering new functionality such as fully electrical operation using
spin torque transfer to manipulate the DWs and magnetoresistance to detect
them, such devices can in principle enable faster switching speeds and lower
energy consumption compared to current semiconductor devices [75]. An
essential requirement for DW devices is to be able to translate DWs within the
device, which can be accomplished using a magnetic field or a current pulse due
to spin transfer torque [13, 33].
Although most proposed DW devices are made from nanowires containing
180DWs [19], 360DWs can be used as an alternative and have some unique
properties compare to 180DWs. Closely spaced 180DWs in a nanowire interact
magneto-statically, and the attraction between two 180DWs of opposite core
magnetization can lead to the formation of a metastable 360DW. 360DWs are
also known as 1-Dimensional skyrmions [76], an example of a class of
topologically protected structures which are under intense study due to their
stability and device applications [77]. 360DWs have been observed both in
continuous ferromagnetic films [29] and in patterned ferromagnetic
nanostructures such as thin film rings or ellipses [78-80]. The orientation of
magnetization rotates through 3600 over a 360DW, and due to the opposite
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sense of core magnetization in the two component 180DWs, magnetic flux
closure reduces the stray field around the 360DW compared to that of an 180DW
[34]. 360DWs are not expected to be translated by an applied field, but instead
can be dissociated or annihilated. However, micromagnetic simulations predict
that a current can translate the 360DW via spin torque transfer [34]. Moreover,
instead of Walker Breakdown as observed in 180DWs, a 360DW is predicted to
undergo annihilation or dissociation at a sufficiently high spin current density,
depending the relative orientation between the nanowire magnetization and
magnetic field. Simulations have predicted that 360DWs of different chirality can
be filtered by an Oersted field transverse to the magnetic nanowire [4]. Besides,
360DWs have also been proposed for use in magnetic sensors [81] or as an
alternative to 180DWs in memory and logic.
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Figure 25 Schematic of the structure and field sequence used for 360D Wformation
[80].

The method used to form a 360DW is demonstrated by Dr. Youngman Jang [82]
from our group. As shown in Fig. 25, a "comma"-shaped structure with Ni8oFe2o
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(soft) or cobalt (hard) is used. Initially a high field in the +Y direction is applied to
saturate the magnetization. After relaxation one 180DW will be formed in the arc.
Then a smaller field in the -Y direction is applied to reverse the magnetization in
the round pad. Due to the higher shape anisotropy in the arc, magnetization
within will remain unaffected and a second 180DW will be formed between the
pad and the arc. Finally, due to the magnetostatic interaction between the two
180DWs, they will attract each other and combine into a 360DW after relaxation.
360DWs in magnetic wires have been detected using MFM [29], scanning
electron microscopy with polarization analysis (SEMPA) [80], and AMR
measurements [30, 83-85], in which the formation of a 360DW results in a
decrease of resistance. There has been considerable theoretical and modeling
work on the behavior of 360DWs [86-88], but there have been no systematic
experimental reports on the formation of 360DWs, their response to a field as a
function of wire width, nor any observation of current-driven motion of a 360DW
in confined ferromagnetic nanowires. In this chapter, we first demonstrate the
formation and stability of 360DWs in specifically designed Co and Ni8oFe2o
nanostructures of different widths with in-plane magnetization. We then
demonstrate the effect of applied magnetic fields and injected current pulses on
360DWs using AMR measurements for Ni8oFe2o samples and MFM
measurements for Co samples. Ni8oFe2o has a relatively large AMR response so
that individual DWs can be detected in-situ, but its low switching field renders
DWs vulnerable to perturbation by the stray field of an MFM tip. On the contrary,
Co has a lower AMR but its higher switching field facilitates direct imaging of the
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stray field of DWs by MFM. We relate the experimental results to micromagnetic

simulations.
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5.2

Wire width effects on 360DW stability during formation

The method used to generate a 360DW is similar to previous work [80]. The
structures consist of a magnetic thin film wire in the shape of an arc, with width
varying from 50 nm to 200 nm, connected to a round injection pad of 1 urm
diameter [89]. The structures were made from a thin film stack of Ta (5nm)/
Ni8oFe2o (1 Onm)/ Au (5nm) or Ta (5nm)/ Co (1 Onm)/ Au (5nm) which was
deposited by magnetron sputtering (5 cm diameter target, 100 W, and growth
rates of 0.15-0.30 nm s- for different materials) on a Si substrate with native
oxide, at an Ar pressure of 1 mTorr and a base pressure better than 5 x 10-8
Torr. A bilayer resist [90] consisting of 4% polymethyl-methacrylate (PMMA) of
thickness 30 nm and 2% hydrogen silsesquioxane (HSQ) of thickness 40 nm was
spin coated on the magnetic film then exposed using an Elionix F-125 e-beam
lithography tool with a dose of 38 mC cm- 2 .The HSQ layer was developed using
4% NaCl + 1 % NaOH in water solution for 20 seconds, washed with DI water and
carefully dried by a nitrogen blow gun. The underlying PMMA layer was then
removed with 02 plasma at a pressure of 6 x 10-3 Torr at 90 W power for 2
minutes. Using these patterned bilayer resists as an etch mask, the metal film
was then etched using an Ar ion beam with a beam current of 10 mA at a
pressure 2 x 10- Torr. The etching was monitored using an end-point detector.
Since the PMMA acts as a sacrificial layer, the resist stack could then be
removed with hot 1165 solvent [MicroChem Corp.] and sonication after the ion
beam etching. An AFM image of a typical structure is shown in the upper panel of
Fig. 26(b). For AMR measurements of Ni8oFe2o samples, 4 electrodes made of
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Ta (7nm)/Au (100 nm) were patterned using liftoff over the pad-wire structure in a
second lithography step to enable a 4-point measurement of resistance.
Micromagnetic simulations were performed using the OOMMF package [55]. For
Co the exchange constant A = 10-5 erg cm 1 , saturation magnetization MS =
1000 emu cm-3, a = 0.02, P = 0.03 and anisotropy Ku = 10s erg cm- 3 with a
random orientation to simulate a polycrystalline film. For NiaoFe2o the exchange
constant was A = 1.3 10-4 erg cm-1 , saturation magnetization Ms = 800 emu
cm-3, anisotropy K 1 = 0, a = 0.02 and P = 0.03. The cell size was 5 nm x 5 nm x
5 nm in both cases and the length and thickness of the simulated wires were 10
im and 10 nm, respectively.
We describe first the formation and stability of 360DWs in Co arcs. In order to
generate a 360DW, an in-plane field sequence was applied perpendicular to the
arc. Hy = +3000 Oe was applied to fully saturate the magnetization and form the
first 180DW with its core magnetized along +y at the center of the arc at
remanence. Hy = -300 Oe was then applied, a field sufficient to reverse the
magnetization in the round pad but not high enough to reverse the magnetization
in the arc due to its higher shape anisotropy. A second 180DW with opposite
sense to the first 180DW was formed at the interface between the round pad and
the arc. The two 180DWs combine to form a 360DW aided by their magnetostatic
attraction [80]. AFM and MFM images of a Co sample of width 120 nm are shown
in the lower image of Fig. 26(b). The dark and bright contrast observed at the
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center of the arc qualitatively resembles the calculated stray field around the
360DW in Fig. 26(a) and confirmed the presence of a 360DW.

(a)

(b)
180" Domain Wall

360* Domain Wall

(C)
50 nm

0n

Figure 26 Simulation of a transverse 180DW and a 360DW inside a Co arc, 10
nm thick and 120 nm wide. Arrows show magnetization, and red (positive) and
blue (negative) indicate the component of magnetization along the wire length,
the x-direction. Insets are the simulated z-component of the stray field at a
height of 3 nm above the surface of the sample. Blue and red represent up and
down directions. (b) The upper AFM image shows a 120 nm wide Co wire and
pad used to generate a 360DW, and the lower MFM image illustrates a 360DW
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in the wire; (c) MFM images of other Co samples with wire width of 50 nm, 80
nm, 150 nm and 200 nm [89].

Co samples with different arc widths of 50 nm, 80 nm, 120 nm, 150 nm and 200
nm were tested to study the 360DW stability as a function of arc width. We
expect TWs to be energetically preferable within the width range according to
micromagnetic simulations in Co nanowires. The 80 nm, 120 nm and 150 nm
samples successfully formed a 360DW in the arc. In the sample with 50 nm wire
width, two 180DWs of opposite sense were formed but remained separate in the
arc without combining into a 360DW (the bright contrast originates from the
second 180DW). This is attributed to pinning: the amplitude of line edge
roughness is expected to be independent of wire width [90], but the resulting
changes in wire width are proportionately larger for narrower wires. The length of
an 180DW also decreases with wire width [37], making it more sensitive to high
frequency edge roughness. These factors lead to stronger pinning of the
180DWs which impedes their combination into a 360DW.
For the sample with wire width of 200 nm, no 360DW was observed. MFM
images of the sample after applying the initial saturation field of HY = +3000 Oe
showed an 180DW with transverse configuration as illustrated by dark contrast at
the arc center. This result shows that an 180DW could be formed but the second
180DW is assumed to annihilate the first one instead of forming a 360DW. The
reduced influence of edge roughness may have enabled the second 180DW to
approach the first at a higher velocity, which promotes annihilation.
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Figure 27 (a) Simulation of 360DW formation process in 10 nm thick Co arcs of
different widths, with field applied transverse to arc. (b). Calculation of the critical
annihilation and dissociation fields applied parallel to wire vs. wire width in
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straight 10 nm thick NiwoFe2o wires based on micromagnetic simulations. Images
of the remanent 360DWs at 50 nm and 300 nm width are superposed. For the
200, 250 and 300 nm wide wires, the initiation of the model led to the
energetically unfavorable TWs instead of VWs [89].

The experimental results for 360DW formation under transverse field cycling
agree with the prediction of micromagnetic modeling, Fig. 27(a), for Co arcs.
Simulations were performed with the same field sequence of Hy = +3000 Oe
followed by Hy = -200 Oe, for wire widths of 50, 100, 200 and 300 nm. The arc
shape in the model leads to edge roughness due to the finite cell size. The 50 nm
wide model wire was unable to form a 360DW because the second 180DW did
not propagate far enough to combine with the first 180DW. The 100 and 200 nm
arcs did produce 360DWs, but in the 300 nm wide model wire the 360DW
spontaneously annihilated.
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5.3

Field effects on 360DW

The effect of magnetic field on 360DWs was studied experimentally in both
Ni8oFe2o and Co samples and characterized by AMR and MFM, respectively. A
scanning electron microscopy (SEM) image of a Ni8oFe2o sample is shown in Fig.
28(a), which was 200 nm wide and 10 nm thick. Vortex DWs are energetically
favorable in this geometry compared to TWs, according to micromagnetic
simulations. A small DC current was applied between the outer two electrodes
and the voltage between the inner two electrodes was measured in order to
obtain the resistance. This reference DC current was lower than 5 pA,
corresponding to an average current density of < 2 x 109 A m- 2 in the arc, which
was 0.001 - 0.01 times the current density reported to move a DW in Ni8oFe2o
nanowires [13, 21, 91-93]. Therefore the effect of the measurement current on
the wall was neglected.
As shown in the round dot line in Fig. 28(b), a head-to head 180DW was formed
by applying Hy = +3000 Oe, then a field in the +x direction was applied, starting
from zero and increasing with a step size of 1 Oe. The resistance was measured
after each field step. A change of AR = 0.055 + 0.005 fl was observed at 5 Oe
based on 10 repeated measurements, indicating movement of the 180DW to the
right, out of the area between the inner two electrodes. The increase of the
resistance is due to the AMR effect from the 180DW: the resistance is lower at
the DW because the magnetization is locally perpendicular to the electron flow.
The AMR follows the relation:
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Ap(H) = AP
Pay

Cos2

Pay

0-

3

(5.1)

3

in which Ap(H) is the change of resistivity and 0 is the angle between the
directions of magnetization and electron flow [7]. If a field was applied in the - x
direction, a similar resistance jump of AR = 0.053 + 0.005 fl was observed at
-6 Oe based on 10 repeated measurements, shown in the square dot line in Fig.
28(b). This indicated the 180DW moving to the left, out of the area between the
inner two electrodes. Out of 20 total measurements, the resistance jump was
very similar for 8 and 9 of the measurements for fields along +x and -x,
indicating repeatability of 80% and 90%, respectively. The other 3 tests gave
either no resistance change or a change of < 0.03 fl which may have indicated
differences in the DW structure or location. Other groups have also shown DW
AMR in large numbers of repeated tests [83]. We used the 8 and 9
measurements to calculate resistance change AR.
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Figure 28 (a) SEM image of NiwoFe2o sample with gold electrodes on top. A DC
current less than 5 y A is injected from /+ to I- to measure the AMR; (b) AMR
measurements indicating an 180DW being moved left or right by a field Hx. The
sequence of fields used to generate the wall then move it are shown with circled
numbers, with negative Hx moving the wall along the -x direction; (c) Schematic
and model of the field sequence to form and then dissociate a 360DW AMR
measurements indicate dissociation in a field applied in the +x direction; (d) AMR
measurements indicate annihilation of the 360DW in a field applied in the -x
direction [89].
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A field sequence of Hy = +3000 Oe followed by Hy = -300 Oe was then used to
-

form a 360DW in the 200 nm wide Ni8oFe2o wire, followed by a field in the +x or
x direction as shown in Fig. 28(c) and 28(d), respectively. In Fig. 28(c), a
resistance jump of AR = 0.078 + 0.007 fD based on 10 measurements was

observed at HX ~ +14 Oe. The higher resistance change confirmed the presence
of a 360DW instead of 180DW and the higher value of Hx represents the critical
field to dissociate a 360DW, overcoming the magneto-static attraction between
the two component 180DWs and separating them to form a reverse domain. In
comparison, in Fig. 28(d), a resistance jump of AR = 0.075 + 0.007 fl was
observed at HX = -84 Oe, much higher than in Fig. 28(c). This represents the
critical field to annihilate the 360DW, in which the field compresses the 360DW,
eventually eliminating it. The ratio of AMR change expected between an 180DW
and a 360DW was calculated by exporting the magnetization distribution from
OOMMF into MATLAB and determining the resistance based on equation (5.1).

The AMR ratio was

A

=

1.46 for a Ni8oFe2o nanowire with w = 200 nm and t

=

AR1AR

10 nm, similar to the experimental result of
AR

180

~60
0.07
= 1.39 + 0.09.
0.0 54n

Simulations in NiaoFe2o nanowires were carried out to calculate the critical fields
for annihilation and dissociation of a 360DW vs. wire width, Fig. 28(b). We first
initiated a 360DW at the center of the wire, allowed it to relax, then applied a field
in either the +x or -x direction along the wire to dissociate or annihilate the
360DW. We increased the field from 0 with a step size of 10 Oe in order to find
the critical value. As shown in Fig. 28(b), the critical fields for annihilation and
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dissociation decreased by about 40% and 80%, respectively with an increase of
wire width from 50 nm to 300 nm. The 360DW became less symmetrical as the
width increased, with the two component 180DWs tilting towards each other at
one side of the wire, making the 360DW less stable. It has also been shown in
Ref. [83] that the 360DW forms a much less stable vortex structure with
increasing wire width.
For a model Ni8oFe2o nanowire of width w = 200 nm and thickness t = 10 nm, the
critical field to dissociate a 360DW is HX = +75 Oe and to annihilate it is HX =
-310 Oe. The modeling predicted much higher absolute values of the
annihilation and dissociation fields than were measured experimentally, which
may be a result of the zero temperature of the model and the lack of extrinsic
defects that could initiate annihilation and dissociation. However, both model and
experiment agree in showing annihilation field several times larger in magnitude
than dissociation fields.
The effect of a magnetic field on 360DWs in Co nanowires were examined using
MFM. As shown in Fig. 29(a), a 360DW was first formed in a Co sample with wire
width of 80 nm by applying HY = +3000 Oe then Hy = -300 Oe. Different
magnetic fields were applied in the +x direction to dissociate the 360DW. The
360DW was unchanged for H,

+125 Oe, but after the application of Hx = +150

Oe, the two component 180DWs moved apart forming a reverse domain. After
the application of Hx = +200 Oe, the component 180DWs moved further such
that the left-hand bright-contrast wall moved into the injection pad and the right
dark-contrast wall moved to the end of the wire. The reversal of the wire is
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evident from the change in contrast from bright to dark at the tip of the wire,
labeled by the black circles in Fig. 29(a) A similar dissociation process was
observed in a Co sample with 150 nm wire width, Fig. 29(b), except that the field
steps did not capture the presence of two separate 180DWs in the wire. In the
150 nm wide wire, dissociation occurred at a field that is between +125 Oe and
+150 Oe.

Hx

(a)

= +100Oe

Hx

= +150 Oe

Hx

= +200 Oe

80nm

(b)

Hx = +100Oe

Hx = +125 Oe

Hx = +150 Oe

150nm

Figure 29 (a) A series of MFM images of a 360DW in a Co wire with width of 80
nm after application of different fields in the +x direction, showing separation into
two 180DWs at +150 Oe and movement of the walls out of the wire at +200 Oe;
(b) A series of MFM images of a 360DW in a Co wire with width of 150 nm after
application of different fields in the +x direction. The wall was dissociated and the
two 180DWs moved out of the wire between +125 Oe and +150 Oe. In both
samples dissociation is evident from the change of contrast at the tip of the wire
from light in the first panel to dark (black circle) [89].
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360DW annihilation in a Co sample was demonstrated by applying a field in the
- x direction. The same field sequence as in Fig. 30 was applied initially to form a
360DW at the center of the arc. The 360DW remained stable in the arc for -H

s;

+500 Oe. The 360DW disappeared after applying a field of Hx = -700 Oe, but
different from the dissociation results in Fig. 30, the right-hand end of the wire
retained its bright contrast before and after the annihilation. This proves that the
magnetization direction remained the same in the arc, indicating annihilation
instead of dissociation of the 360DW. The field for annihilation (-700 Oe) was
also much larger than it for dissociation (+150 Oe) in the 150 nm wide Co wire,
confirming the same trend as seen in the Ni8oFe2o samples and in micromagnetic
simulations.
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Figure 30 A series of MFM images of 360DWs in cobalt sample with wire width of
80nm after application of different field in -x direction. A bright contrast at the
tapered edge remained during the 360DW annihilation process.
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5.4

Current effects on 360DW motion

The effects of current on 360DWs were examined in 150 nm wide Co samples.
Two electrodes were placed on top of the sample as shown in Fig. 31(a), labeled
as 1 and I-, indicating the conventional current flowed from the right electrode to
the left electrode. This means that electrons are injected from the left electrode
into the arc and flow out from the right electrode. Fig. 31(b) is an MFM image of
the sample initiated with a 360DW at the arc center. Current pulses of +2 V, +4 V
or +6 V amplitude and 200 ns duration were then injected into the sample and
thus the corresponding current density is:

JRef

=

I/S

VV
s t)/(W
Rresistor

(

* T) ~ )/(150 nm *Sof20 nm) (5.2)

Which is approximately 1.3, 2.6 or 3.9

x 1012

A m- 2 respectively in the arc,

averaged over the Ta/Co/Au stack. A delay of 3 seconds was inserted between
each pulse in order to minimize the effects from Joule heating on DW behaviors
[94]. From MFM imaging there was no observed effect of current pulses with
density of 1.3 x

1012

A m-2.

Fig. 31(c) shows the 360DW after 2 current pulses of 2.6 x

1012

A m- 2, which

moved ~ 200 nm to the right, indicating the first experimental observation of
current-driven 360DW motion. After the initial motion, we did not see any further
translation after injecting 2 additional pulses of identical amplitude. However,
after keep injecting10 additional pulses of 2.6 x

1012

A m- 2 , the 360DW

disappeared as shown in Fig. 31(d). Since the current is limited to the region of
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the arc between the two electrodes, the current-driven 360DW will not be able to
move further than the right electrode. MFM did not reveal the 360DW remaining
under the Au contact, implying that the 360DW was annihilated.
An estimation of the temperature increase from Joule heating at the end of a
current pulse was made based on the calculation in ref. [95]:

TG

_

whJ2

)n(

4

T41SUWPSCS

(5.3)

WG

where wire width w = 300 nm, thickness h = 20 nm, current density J = 3.3 x
1012

A m-2, thermal conductivity 1is(Si) = 8.8 x 10-i

CY (Co)

=

m 2 s-1, electrical conductivity

107 (Om)-l, material density ps = 8900 kg m- 3, heat capacity C, = 400 J

(kg K)-, pulse duration t = 200 ns and

WG

= w/2 = 150 nm. By substituting the

parameters for the +4 V pulse, an approximate maximum temperature increase
of ~ 36 K was obtained.
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Figure 31 (a) AFM of Co sample with wire width 150 nm with gold electrodes on
top, with /- and /+ indicating the direction of current flow; (b) MFM of the sample
after initializing a 360DW (c) MFM of the sample after injecting 2 current pulses
with +4V amplitude and 200 ns duration showing a small translation of the
360DW; (d) MFM of the sample after injecting 10 more current pulses with +4V
amplitude and 200 ns duration, showing annihilation of the 360DW [89].

Previous simulation results [34] predicted that in a smooth-edged nanowire with
uniform material parameters and zero anisotropy, an intermediate spin current
will translate a 360DW and a high spin current will annihilate it. However, our
experiments showed 360DW annihilation after only a small translation (-200 nm).
The limited current-driven motion of the 360DW is attributed to the magnetic
anisotropy of cobalt and extrinsic pinning from edge roughness. This was
confirmed by reference experiments on current-driven motion of 180DWs in the
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-

same sample. Ten identical 200 ns current pulses were injected at voltages of +2
V to +6 V (the highest voltage not led to damage to the sample), but the 180DW
was not translated. This suggests that DWs are pinned in the Co nanowires [32],
and the current therefore annihilated the 360DW without moving it.
To assess the role of edge roughness, simulations (at zero temperature) were
performed for Co nanowires with the same random anisotropy as described
above as well as with an edge roughness amplitude

3% of the average wire

width, produced by removing cells from the side of the wire randomly. Both
360DWs and 180DWs were only able to move by < 100 nm when a current
density of 5.3 x 1012 A m- 2 was applied. On increasing the current density to
7.1 x

1012

A m-2 , the 180DW translated further while the 360DW was annihilated

after an initial ~ 100 nm motion, as shown in Fig. 31(d). This shows the
importance of the edge properties on the motion of the DWs.
The experimental results show that current pulses provided an effective method
for annihilating the 360DW. It required -700 Oe to annihilate a 360DW in the 80
nm wide Co sample but only +150 Oe to move an 180DW. For the current
pulsing, annihilation of the 360DW occurred at 4 V pulse amplitude but moving
an 180DW required at least 6 V. The joule heating during current pulsing may
contribute to destabilizing the wall, but the temperature decreased too quickly to
enable an accurate measurement [94]. We estimated above that the temperature
increase would be -36 K based on the results in ref. [95, 96], which is also
consistent with a measurement based on resistance change [97].
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The modeling illustrates the different 360DW annihilation mechanism between
using current pulses and using external field, making current pulses particularly
effective in 360DW annihilation. Figs. 32(a) and (b) show snapshots of the
simulated 360DW annihilation processes driven by field and current in a 100 nm
wide and 10 nm thick wire, using the same parameters as in Fig. 27. In Fig. 32
the 360DW develops a trapezoidal shape with the wider side at the bottom of the
figure. In the field-driven annihilation process, the field pushes the two
component 180DWs together and when they are close enough the 360DW is
annihilated starting from its wider edge. On the contrary, in the current-driven
annihilation process, the current translates the 360DW, which moves with an
oscillatory motion and becomes unstable, eventually closing up from the
narrower edge. During the annihilation process, the exchange interaction
provides a barrier for annihilation. At the critical annihilation field of -360 Oe, the
maximum exchange energy was 1.09 x 10-1 7 J, while at the critical annihilation
spin current velocity of u = 200 m s- 1 (corresponding to a current density of J =
7.0 x

1012

A m 2 ), the maximum exchange energy was only 0.71

x

10-17 J. The

difference points to the instability of the 360DW under current as a contributing
factor to the annihilation process.

109

1

(a)

t =0.02 ns

t= 0.06 ns

t= 0.16 ns
-W

0=.22 ns

?=

(b)

-

-Ob

t=O.42 ns

.-

-. -n

=---- 1. ---

-10

a av a -p

-P

-40

-.

--O --O

t=O0.56 ns
.

*

N

a.

-

t=1.66 nst1.6nt192s
-r -p~

*-p

-r a
yE

-Pa)1

~

-4. "S. '4.
'~

-~

-r

-*

-P

-r
-P -P-

\ ~',ct-4-P-4-

.v

t=2.l2ns

a-~

- -~*~W

-

-U' -*-r-a
P -. -4. a

*

4-4

--

4-4-p

* -4.4.

=2.42 ns

a a a

--

-4

r

-~

--

4-4

-p

--

4-p

-p

-p

-p

-*

-~

~

---4 -4 -4

-4

-4

-4

*~

-r -t

4-4
-*

-4
-*

-4

-4-4'-t

"t4iYi~

Figure 32 (a) Snapshots of OOMMF simulation results (wire thickness 10 nm and
width 100 nm) of the annihilation of a 360DWby a field of Hx = +400 Oe; (b)
Snapshots of OOMMF simulation results of the annihilation of a 360DW by a spin
current of u, = +200 m/s [89.
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5.5

Hetero-structure function as 360DW chirality filter

A 360DW has four different types of chirality as shown in Fig. 33 depending on
the magnetization orientation of the leading 180DW and the magnetization
orientation of the majority of the nanowire. If we apply a field in the +y direction,
the field will tend to attract a DW is its orientation is parallel (P) to the field while
repulse a DW if its orientation is anti-parallel (AP) to the field. For this reason, the
Oersted field generated by the hetero-structure discussed in this section will
affect differently on the 360DWs with different chirality [4].

J11
11111tJ

I

4Ft
d

Hy

Case 1: (AP-F)
anti-parallel
vr dar' iorar

Case 2: (P-F)
parallel
bac
k, ardbac kvac

Case 3: (AP-B)
anti-parallel

Case 1: (P-B)
parallel

Figure 33 Schematic of 360DWs with four different types of chirality depending
on the magnetization orientation of the leading 180DW with respect to the field as
well as the magnetization orientation of the majority of the wire [4].

In our simulations, we put a thin gold pad on top of a Ni8oFe2o nanowire where

360DW reside in as shown in Fig. 34(a). When current is injected in to the
nanowire, the gold pad will be able to shunt part of the current. Such shunted
current will not only reduce the current in the NiaoFe2o nanowire underneath the
gold pad, what is more important is it will generate an Oersted field in the Y
111

direction transverse to the Ni8oFe2o nanowire. The ratio of the current in the
Ni8oFe2o nanowire under the gold pad and the current injected is defined by:
(5.4)

n = uunder-pad/UO

The Oersted field being generated is defined by:
(5.5)

HY = m x (uo - Uunder-pad)
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Figure 34 (a). Schematic of the hetero-structure simulated; (b) Top view of the
structure and schematic of the current and field distribution.

We fix the Ni8oFe2o nanowire with width of 140 nm and thickness of 10 nm and
length of 10 prm, the cell size is 5 x 5 x 5 nm 3 to ensure the reliability of simulated
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results. The parameters used in the simulation for Ni8oFe2o were exchange
,

constant A = 1.3 x 10-6 erg/cm, saturation magnetization MS = 800 emu/cm 3

Gilbert damping factor a = 0.01 and non-adiabatic spin torque term P =0.02 [19,
98, 99]. The polarization factor was set to P = 0.4 [10] for Ni8oFe20. The magnetic
anisotropy of Ni8oFe2o was taken as 0.
First, the behavior of the 360DW in the wire was examined without a gold pad
shunt on top of the Ni8oFe2o nanowire. A spin current was injected into the
nanowire from the left end which translated the 360DW rightwards. The DW
velocity increased with the spin current velocity u until the 360DW was
annihilated irreversibly by collapsing into a U-shaped reverse domain, which then
contracted and disappeared, in agreement with previous modeling results [34].
The critical spin current velocity for the annihilation was uo = 160 m/s.
After obtaining the critical current for annihilation of the 360DW, a gold pad was
then placed on the Ni8oFe2o nanowire with the same width and a length of 1 pm.
The left edge of the pad was 1.5 tm away from the position where the 360DW
was initiated so that the 360DW could reach a steady state motion before
encountering the gold pad. The current partitioning between the gold and
Ni8oFe2o was estimated from their resistivity [100, 101], which were themselves
dependent on the film thicknesses.
We then reduced the injected spin current to uo = 120 m/s, which is below the
critical Walker Breakdown current. The thickness of the gold determines both n
and the Oersted field HY, and furthermore, in principle, Hy can be varied while
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keeping n fixed (or vice versa) by placing gold pads of different thickness both
above and below the magnetic strip. Thus both n and HY can be varied
independently by design of the gold shunt. Finite element simulations of the field
distribution were performed using Comsol Multiphysics software package. The
Oersted field from the current in the gold pad varies throughout the thickness of
the Ni8oFe2o nanowire, being largest at the interface with the gold. However,
since the NiaoFe2o is modelled as a region one unit cell thick, the thicknessdependence of the field was not taken into account, and the value at the midpoint
of the Ni8oFe2o was evaluated and used as HY in the micromagnetic calculations.
At uo = 120 m/s with the asymmetric geometry shown in Fig. 34(a), i.e., 5 nm
thickness of gold just on top of the nanowire (n = 0.50), Hy = 109 Oe at the center
of the Ni8oFe2o nanowire, half way through its thickness. However, with the
symmetric geometry shown in Fig. 34(b), i.e., 5 nm of gold above and below the
Ni8oFe2o (n = 0.33), HY

0.

The Oersted field in the Ni8oFe2o nanowire also included a component from the
current in the Ni8oFe2o nanowire, which was zero at the midpoint of the stripe and
increases toward the surfaces. To assess its importance, the fields produced by
a current of uo in the Ni8oFe2o were evaluated at 3.5 nm and 6.5 nm height,
yielding a field numerically equal to +0.66uo Oe (uo with unit m/s) along y
direction, respectively. A micromagnetic simulation was then carried out in which
the Ni8oFe2o was modelled as two layers, each 5 nm thick, with equal and
opposite transverse Oersted fields of 0.66uo Oe applied to the cells in each layer.
The critical value of uo that annihilated a 360DW was compared with and without
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the self-Oersted field. Within the resolution in our simulations (Au0 = 5 m/s),
there was no difference in the 360DW velocity or the critical uo with or without the
Oersted field, suggesting that it is reasonable to neglect the component of the
Oersted field originating from the current in the Ni8oFe2o nanowire.
The Oersted field along the y axis (which is a hard axis transverse to the
nanowire) will produce a component of the magnetization in the y direction such

that MY/MS = Hy/Hs, where Hk = Ms(Ny - Nx) is the shape anisotropy field, and
NX, NY are the demagnetizing factors along the x and y directions, respectively.
We know that NX

0 because the strip is very long in the x direction, and

Ny/Nz = t/w = 1/14 with t the thickness and w the width, yielding Hk = +670.2
Oe. Therefore, Oersted field in the simulation is insufficient to fully magnetize the
nanowire along y, but it does affect the 360DW motion as described below.
In a first series of simulations, uo was fixed at 120 m/s, n was fixed at 0.5, and HY
was varied from 0 Oe to +109 Oe. This corresponds to a physical situation where
the gold thickness below and above the Ni8oFe2o stripe was allowed to vary, from
a symmetrical case of 3.5 nm gold above and below the stripe giving HY ~ 0 to an
asymmetrical case of just 5.0 nm gold above the stripe giving HY ~ +109 Oe,
based on the thickness-dependence of gold resistivity.
Both the anti-parallel 360DWs (AP-F and AP-B) passed under the gold pad when
Hy < +39.7 Oe, but were pinned and then annihilated near the front edge of the
gold pad when Hy > +39.7 Oe. Annihilation proceeded in a process similar to the
intrinsic annihilation seen at high spin current velocity [34] in which the two
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component 180DWs of the 360DW merged to form a U-shaped domain which
was expelled from the side of the strip. For the parallel cases (P-F and P-B), the
360DW passed under the gold pad when HY < +29.5 Oe while it was annihilated
near the front edge of the gold pad for HY > +33.1 Qe. For Hy between +29.5 Oe
and +33.1 Oe, the U-shaped domain formed but instead of being annihilated in
place, the reverse domain continued to translate forward until it reached the far
end of the gold pad where it was annihilated.
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Figure 35 Transverse Oersted field distributions from current in gold and Ni8oFe2o
shown for a cross-section of the wire and pad. The superposed curves show Hy
vs. field at x = 0, y = 0 (a) Field for an asymmetric gold pad, i.e. 5 nm gold on
one side of the Ni8oFe20; (b) field for a symmetric case with 5 nm gold on either
side of the NiwoFe2o. Only about half of the width of the structure is shown in the
figure. At the center of the Ni8oFe 2o nanowire, the Oersted field is transverse,
along y which is vertical in the figure [4].

116

The results showed that the existence of the gold pad facilitated the annihilation
of a 360DW at a spin current velocity lower than the intrinsic value. The motion of
the 360DW as it encountered the gold pad is shown in Fig. 35(a), which shows
the time-dependence of the positions of the component 180DWs in the case of
n = 0.50 and Hy = +26.5 Oe (representing a situation in which both P and AP
walls are able to pass under the pad). The dotted lines and solid lines represent
the center location of the right (leading) and left (trailing) 180DW, respectively.
The upper data represent the result from P-F or P-B, which are the same, and
the lower data represent AP-F or AP-B. The inset of Fig. 35(a) shows the time
dependence of the DW velocity.
The initial velocity is the same for both P and AP cases. For the P cases, the
velocity increased slightly as the leading 180DW approached the gold pad
because of attraction of the extended DW by the Oersted field. The velocity then
decreased as the current density dropped and the Oersted field repelled the
trailing 180DW. On the contrary, in the AP cases, the velocity decreased at first
as the leading 180DW approached the edge of the pad, and then started to
increase as the trailing 180DW was attracted by the Oersted field. In both P and
AP, after the velocity transients, the velocity of the 360DW reached a steady
state velocity, which is smaller than the velocity outside the pad by a factor of n.
This different transient behavior of the P and AP 360DWs will lead to annihilation
of the P walls at lower Oersted fields. For +29.5 Oe < HY < +39.7 Oe, the gold
pad will function as a chirality filter in that AP 360DWs (both AP-F and AP-B) will
be able to pass under the gold pad while P 360DWs will be annihilated. The
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presence of the Oersted field was necessary to annihilate the 360DW, as found
by a simulation without the Oersted field in which the 360DWs moved under the
pads without annihilation.
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Figure 36 (a) The positions of the centers of the component 180DWs as a
function of time in the parallel (upper lines) and anti-parallel (lower lines) 360DW
orientations. The inset shows the velocity of the 360DWs vs. time; (b) Schematic
of corresponding 360DW configurations [4].

In the next set of simulations, we place 4 nm of gold on one side of the Ni80Fe20
nanowire and 3 nm of gold on the other side. From finite element simulations this
gives n ~ 0.513. For this geometry, the Oersted field was proportional to uo such
that numerically Hy(Oe) = 0.325 * uo(m/s) with uo varying from 0 to 160 m/s. For
the AP-F and AP-B 360DWs, when uo < 120 m/s the 360DW passed under the
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gold pad but when uo > 120 m/s the 360DW was annihilated at the front edge of
the gold pad. In contrast, in the P-F and P-B cases, when uo < 100 m/s the
360DW was trapped at the front edge of the gold pad but when uO > 100 m/s it
was annihilated, i.e., the P walls were never transmitted. This means that for all
uo < 120 m/s, the filter will pass AP walls while blocking or annihilating P walls.
These results show that a conductive shunt can be used as a simple method for
filtering the chirality of 360 DWs, analogous to the filtering effects of a current
shunt demonstrated previously for 180DWs. The conductive pad modifies both
the spin current velocity and the transverse Oersted field in the underlying
magnetic strip, and the combination of these effects leads to different behavior of
360DWs depending whether the magnetization of the leading part of the 360DW
is oriented parallel or antiparallel to the Oersted field. The 360DWs can be
trapped, annihilated, or can pass under the shunt pad depending on the pad
geometry and the current density. Unlike chirality filters that modify the geometry
of the magnetic strip itself, the shunt pad has no effect on the field-driven motion
of DWs. In principle, n and HY can be varied independently by placing conductive
material both above and below the magnetic strip, but in the simplest realization,
with the shunt material only on one side of the magnetic stripe, there is a range
of shunt thicknesses that provides a filtering effect, independent of the orientation
of the net magnetization. The ability to control 360DW motion with a simple
geometry is of importance for DW-based memory and logic devices.
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5.6

Conclusion

360DWs have been predicted to have distinct different behaviors under magnetic
field or spin current compare to 180DWs using micromagnetic simulations.
However, not a lot of experimental demonstrations have been shown. In this
chapter, we have studied the behavior of 360DWs and the geometry effects on it.
360DWs were formed in both and Co wires with a range of widths. 360DW
dissociation and annihilation was experimentally observed by AMR
measurements in Ni8oFe2o and by MFM measurements in Co nanowires, and the
critical fields were determined. We have conducted both simulations and
experiments, comparing the consistency and differences between to results and
explain the results by the physical properties of 360DWs.
We first studied the geometry effects on 360DWs, including 360DW stability
during formation, dissociation and annihilation with dependence of the width of
the nanowires. It has been found in both simulations and experiments that the
stability of 360DWs decrease with increase of wire width, which is explained by
the fact that in wider wires, the configuration of a 360DW is more asymmetric
than that in narrower wires and easier to overcome the magneto-static interaction
at one side of the 360DW and form a reverse domain. The reverse domain will
shrink towards the side of the wire and finally be annihilated.
We then discussed the field and current effects on 360DWs respectively and
compared the 360DW behaviors with corresponding 180DWs. We have found
that the effect of field is qualitatively consistent between experimental
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observations and micromagnetic simulations, in which 180DWs can be moved by
field while 360DWs are annihilated by field. However, there are some quantitative
discrepancies between experiments and simulations. For current effects, it has
been experimentally found that a 360DW can move initially for a few hundred
nanometers in Co nanowires, which is again consistent with simulation results.
However, the 360DW is then pinned and finally annihilated by the current pulses
in experiments while in simulations it can keep moving to the end of the
nanowire. Such discrepancies between experiment and simulation results can be
explained by the non-uniformities, roughness and magnetic hardness which is
not included in simulations on perfect soft ferromagnetic nanowires. When such
factors are included, the discrepancy has become much smaller.
We finally designed an artificial hetero-structure which is a gold shunt pad on top
of a ferromagnetic nanowire that functions as a chirality filter. Field and current
effects on 360DWs have then been demonstrated both by simulation and by
experiments and we have demonstrated the first experimental observation of
current-driven 360DW motion. We have discussed the geometry and material
choice which will affect 360DW motion in the nanowires. We finally conclude that
due to the intrinsic difference between 180DWs and 360DWs, the geometry
effects are also different for these two types of DWs.
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6. DWs interaction and dynamics in PMA materials
6.1

Introduction

As demonstrated in the previous chapters, the understanding and control of DW
behaviors and interactions as well as study of PMA properties are of great
importance in the development of DW-based memory and logic devices. Thus
the study of behaviors of DW and their interactions in PMA materials are
extremely interesting and important. Recently, material systems PMA has
attracted much attention in the study of DW based applications [47, 102] due to
their smaller size and lower current required to be moved. It has also been
discovered that in a heavy metal-ferromagnet-oxide multilayer system, due to the
spin Hall effect at the interfaces, a much higher spin-transfer-torque can be
introduced to the ferromagnet (FM) layer and drive the DWs much more
efficiently [27, 103, 104] and the critical current to move a DW can be further
reduced to about 100 times lower than that in in-plane materials. For this reason,
it is very important to understand how DWs will behave and interact with each
other in nanowires with PMA [105].
Early work on STT effects in DWs was carried out on magnetically soft
ferromagnetic nanowires, e.g. Ni8oFe2o nanowires, with magnetization along their
length, x. Two possible 180DW configurations, transverse DWs (TWs) or vortex
DWs (VWs), can exist, both of which are Neel-type walls with the local
magnetization direction confined to the film plane to minimize magnetostatic
energy. Simulations predict that a TW is energetically favorable in thinner or
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narrower wires [11] and the transition from TW to VW occurs when T -W = C62
where T and W are the film thickness and width, respectively, C is a constant and
6 is the exchange length [11]. Nearby 180DWs in a wire can interact via their
stray fields, annihilating spontaneously or forming a 360' DW (360DW),
depending on their type (VW or TW), their relative chirality and the geometry of
the wire [106]. 360DWs have distinct behaviors compared to 180DWs under the
influence of current and magnetic field [4, 83, 89, 107-110] and their formation is
therefore important in DW devices in which the walls are close enough to
interact, playing a key role in device performance, including speed, capacity and
reliability.
Magnetic thin films with PMA offer improved performance in DW devices
because the DWs can be efficiently translated by spin torque transfer [47, 111],
resulting in the reduction of the threshold current density by 10 - 100 times and
higher stability without Walker Breakdown [25, 112]. The PMA materials studied
include heavy metal-ferromagnet-oxide multilayers [26], ferromagnetic superlattices [112] and ordered intermetallic alloys [111, 113]. Furthermore, heterostructures containing PMA films can exhibit phenomena such as the spin Hall
effect seen in heavy metal-ferromagnet-oxide multilayers, which can drive DWs
at even lower current densities [27, 103, 104] facilitating electric control of
magnetization.
DWs in PMA nanowires form two types, Bloch DWs (BWs) and Neel DWs (NWs).
A Bloch DW has its core magnetization pointing transverse to the nanowire, i.e.
the

y direction, while a N6el DW has its core magnetization in the +x direction.
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The magnetization far from the DW is oriented in the out-of-plane direction, +z.
Prior work has shown that the DW configuration has a critical importance in
current-driven DW motion in PMA nanowires [103] but there has been no
systematic study of the dependence of configuration on wire geometry and
anisotropy, nor of interactions between PMA DWs. In this section, we determine
computationally a phase diagram for DWs and model the interactions between
densely-packed DWs in a PMA thin film nanowire.
In this chapter, I will discuss DWs behaviors in PMA materials, focusing on
multiple DW interactions in nanowires. I will first discuss the static behaviors of
DWs interaction and the difference between PMA materials and IMA materials. I
will then discuss the dynamic behaviors when multiple DWs are formed in a PMA
nanowire.
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6.2

Static behaviors of DWs in PMA materials

Nanowires with length of 10 prm were used in the simulations in order to minimize
effects from the ends of the wire. The thickness of the nanowires was varied
between T = 4 ~ 72 nm and the width was varied between W = 100 ~ 450 nm.
Such model parameters were typical for PMA multilayers such as [Co/Pd]n,
where the PMA can be controlled by the number of layer repetitions and interface
quality [47], and can be altered for example by annealing or ion implantation
which will degrade the strain between the interfaces and thus lower the PMA.
The out-of-plane uniaxial anisotropy coefficient of the material, K 1 was varied
from 0 to 7.5 x 105 erg cm- 3 with 0.75 x 101 erg cm-3 increment. The exchange
constant was A = 1.0

x 10-6

erg/cm and saturation magnetization was M, = 200

emu cm-3. The damping constant was a = 0.03 and non-adiabatic coefficient
was P = 0.05. The cell size was set to 5 nm x 5 nm x 4 nm, on the order of the
exchange length to ensure reliable results. The simulation corresponds to zero
temperature without thermal fluctuations. The magnetization in the nanowire was
initiated as shown in Fig. 37(a)-(c) in order to facilitate the formation of two Bloch
DWs, two Neel DWs or two in-plane transverse DWs after relaxation,
respectively. Exemplars of the resulting DW configurations are shown in Fig.
37(d)-(f).
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Figure 37 Initial magnetization states before relaxation to form: (a) two Bloch
DWs with opposite core chirality in a PMA nanowire; (b) two N6el DWs with
opposite core chirality in a PMA nanowire; (c) two in-plane transverse DWs with
opposite chirality in a nanowire with in-plane magnetization. (d) 3D model of
Bloch DW corresponding to parameters of point A in Fig. 38(a); (e) 3D model of
N6el DW corresponding to parameters of point B in Fig. 38 (a); (f) 3D model of
transverse DW corresponding to parameters of point C in Fig. 38 (a) [105].

We first consider how the DW configuration in a PMA nanowire varies with the
magnitude of PMA and by the wire geometry. Fig. 38(a) and (b) shows the
calculated stability diagram of DWs as a function of PMA parameter K 1 and the
nanowire width and thickness. For relatively low K 1, the wires had in-plane
magnetization along their length. TWs were stable for most of the low-K
conditions examined. For example, at W = 300 nm, VWs did not become
favorable until T > 120 nm for K 1 = 0. This critical thickness decreased to 76 nm
for K1 = 0.75 x 105 erg cm- 3 and 48 nm for K 1 = 1.5 x 105 erg cm- 3. When K1 is
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increased further, the VWs became more distorted and were no longer stable
after relaxation.
The expected transition from in-plane magnetization (with TWs) to out-of-plane
magnetization occurred with K 1 increasing. A 4 nm thick wire had a critical K, of
approximately 2.5

x 10 5

erg cm-3 but Kc was lower for thicker and narrower wires.

In the regime where K 1 > Kc, a NW was energetically favorable compared to a
BW in thinner or narrower wires. These results lead to diagrams in Fig. 38(a) and
38(b) with three regions of DW structure representing TWs, NWs and BWs
meeting at a triple point, and with VWs replacing TWs for large W and T.
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Figure 38 Maps showing the boundaries between the lowest energy DW
structures, (a) for different width at fixed thickness of 4 nm and 24 nm, and (b) for
128

different thickness at fixed width of 100 nm and 300 nm. Points A, B and C
correspond to the structures of Fig. 39(d), (e) and (f) respectively. Solid lines
show the BW-NW boundary. Red open circles indicate points where BW, NW
and in-plane TW regimes meet. In-plane vortex DW (VW) becomes energetically
preferable for thicker and wider wires when K < 1.5

x 105

erg cm- 3 . (c) PMA DW

length vs. K for thickness of 4 nm or 24 nm in 100 nm wide nanowires [105].

We examined the dependence of the DW length (measured along the wire axis)
on K 1 for both BWs and NWs in 100 nm wide nanowires with thickness of either
4 nm or 24 nm. In this regime both BWs and NWs can both be formed by
relaxation from different initial states chosen in the simulations, although the
NWs are energetically preferable. We thus use dashed lines to indicate the
widths of BWs in Fig. 40(c). The DW width is defined by the distance between
locations with Mz =

0.95Ms at the midpoint of the wire. Due to the finite cell size,

the maximum error in calculating DW lengths is about +10 nm. For both
thickness values, DW width decreases with increasing K 1 , as discussed in [7].
DW widths are higher for 4 nm thick nanowires compared to the 24 nm thick
nanowires with the same K 1, as a result of the higher shape anisotropy for
thinner nanowires. Moreover, NW widths are either the same or higher than BW
widths when both could be formed in the same wire.
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6.3

Dynamic behaviors of DWs in PMA materials

We first describe interactions between DWs in a PMA wire. Two 180DWs were
initiated in the wire, each one 200 nm away from the wire center, for different
initial magnetization states as shown in Fig. 37(a-c). The chirality of the two DWs
was initiated to be the same or opposite for comparison. For wires with W = 100
nm and T = 4 nm, when K 1 = 0, 0.75 x 10s or 1.5 x 105 erg cm- 3, the
magnetization lies in-plane in the nanowire and the walls were TWs. A pair of
TWs with opposite chirality combined into a 360DW, whereas a pair of TWs with
the same chirality annihilated spontaneously. Such interaction behavior is
consistent with the results presented for nanowires with zero anisotropy, such as
Ni8oFe2o [106]. The 360DW formed due to magnetostatic interaction between the
TWs, and its stability has been discussed previously [28].
In comparison, in a PMA nanowire with K 1 = (3.0 -7.5) x 10- erg cm- 3 , W

=

100

nm and T = 4 nm, NWs are the lowest energy wall configuration. When two DWs
were initiated as NWs, Fig. 39(a), they repelled each other instead of attracting
as in the low-K in-plane scenario [86, 106]. Repulsion occurred independent of
the relative chirality of the two DWs. If the walls were initiated as BWs in the
same wire, they initially attracted each other and transformed to NWs (Fig.
39(b)); after the transformation they repelled each other as in the case of initiated
NWs. Similarly, for a nanowire with W = 300 nm, T = 4 nm and K1 = (4.5-7.5) x
105 erg cm-3 in which BWs are energetically preferable, the DWs repelled each
other if they were initiated as BWs. In the same nanowires, if the DWs were
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initiated as NWs, they initially attracted each other and transformed into BWs,
then repelled each other.
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Figure 39 DW interactions in a 100 nm wide PMA nanowire with K = 3.0 x 10 5
erg cm-3 after relaxation. (a) Interaction between two Bloch DWs; they first
transform to Neel DWs and then repel each other; (b) Interaction between two
Nel DWs; they repel each other without changing configuration; (c) Interaction
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between five DWs in a 2 Mm long nanowire; (d) Plot of DW position and velocity
in the nanowire vs. time after relaxation [105].

For 12 nm thick nanowires with K 1 = 3.0 x 10s erg cm- 3, NWs were the lower
energy configuration for W = 100-300 nm. The speed at which the NWs moved
apart, averaged over the first 20 ns, was about VDW = 5.8 m/s and VDW = 3.0 m/s
for 100 nm and 300 nm wide nanowires, respectively. The speed decreased with
increasing wall spacing in both cases because the interaction decreased with
increasing separation.
The interactions between the two DWs are dominated by the stray field from the
perpendicularly magnetized nanowire. The reverse domain represented by the
length of wire between the two DWs is magneto-statically stabilized by flux
closure with the outer regions of the wire. To illustrate this we mapped the field
distribution 4 nm - 12 nm above the nanowire for both Hz and HX, as shown in
Fig. 40 for a wire with W = 100 nm, T = 12 nm and K = 6.0 x 105 erg cM-3
containing two energetically favored NWs. Figure 4(a) shows the top view where
color represents the amplitude of Hz and the arrows indicate Hx, which changes
sign between the DWs.
The repulsive interactions influence the uniformity of spacing between multiple
DWs in a nanowire. We initiated five BWs in a 2 pm long wire of W = 100 nm,
T = 12 nm and K = 6.75 x 10s erg cm-3 (BWs were the lower energy
configuration) with various spacing between 100 - 500 nm. After relaxation for
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100 ns, the distance between the DWs tended to the same value of -300 nm as
shown in Fig. 39(c). The position and velocity of each DW vs. time after
relaxation was plotted in Fig. 39(d) and 39(e) showing the convergence of the
configuration towards a uniform DW spacing. The simulation was repeated for
different random DW positions but each case yielded the same configuration.
This effect shows that in PMA materials the repulsion between neighboring DWs
prevents coalescence into 360DWs and allows for dense packing of DWs.
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Figure 40 (a) Stray field distribution 4 nm above the surface for a wire with W =
100 nm, T = 12 nm and K = 6.0 x 105 erg cm-3 containing two NWs. The arrows
show the field direction projected onto the plane. The arrow color (red, blue)
indicates Hx and the color of the pixels represents H. (b) View of field
distribution in the xz-plane through the midline of the nanowire. The dashed line
indicates the interface between the nanowire and the air. The colors of the
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arrows indicate the field component Hz and the colors of the pixels indicate the
field component Hx [105].

To examine the stability of the DW configurations under applied field, a field in
the +z direction was applied to a 10 pm long wire with T = 12 nm, W = 100 or
300 nm and K = 6.75 x 10s erg cm- containing two DWs placed symmetrically
each side of the center of the wire. For both 100 nm and 300 nm wide wires, a
field of Hz,app = +80 ~ + 240 Oe reduced the spacing between the DWs and a
field above +240 Oe caused their annihilation leaving a single domain. If the two
DWs were initiated 2 tm left or right side of the wire center, it only required
Hz,app = +180 Oe for annihilation, attributed to the higher stray field at one side
of the wire. The average stray field in the z-plane at height 4 nm in the region
between the two DWs is about +250 Oe when the DWs were placed at the
center of the wire, compared to about +300 Oe when they were offset to one
side, accounting for the difference in the annihilation field.
The stray field not only can prevents two DWs from attracting each other, but is
also capable of affecting the dynamics of a single DW when off the center. A
series of comparison simulations are done to better understand the effect of stray
field, as shown in Fig. 41. We initiate single 180DW with either Bloch or N6el
configuration, and with different possible chirality and allow it to relax. It has been
found that if the DW is initiated at the wire center, it will stay at the center without
moving. However, if the DW is initiated 2 pm left side of the wire center, the DW
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will move rightwards towards the center, independent of its configuration or
chirality. Similar results are also confirmed that if the DW is initiated at the right
side of the center, if will move leftwards to the center as well. This is because
when the DW is located away from the wire center, there will be more overall
magnetic moments in the +z (or -z) direction than that in the - z (or +z) direction.
Such asymmetry introduces extra energy by the stray field at the z-plane of the
wire and tends to return to the symmetrical ground state by DW motion.
We then applied a field in the +z direction in order to combine the two DWs
formed. It has been found that for both 100 nm ad 300 nm wide wires, when a
field of Hz = +80- + 200 Oe was applied, the two 180DWs initiated around the
wire center will come towards each other and stabilized closer with each other
with higher field. When the field is higher than +200 Oe, the two DWs will be
annihilated by the field. In contrast, if the two DWs are initiated 2 prm left side of
the wire center, it only required about of Hz = +180 Oe to annihilate the two
DWs, which again showing the importance of the stray field in determining the
DW behavior.
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Figure 41 180* DW relaxation after initialized approximately 4 Pm leftwards the
wire center. The DW will move towards the wire center due to asymmetric stray
field independent of its configuration (Bloch Wall/Neel Wall) and chirality [105].

We then tried to inject current into the wire to move the DWs. We initiated two
180DWs at 2 pm leftwards the wire center and inject current with spin current
velocity of u = 50-1000 m/s with an increment of 50 m/s. PMA of the sample is
K1 = 6.0 x 10 5 erg/cm 3 . When there is no field being applied, the two DWs will
be able to move rightwards smoothly. Simultaneously, they will also become
relatively further apart due to the stray field effect as discussed above. On the
contrary, if a field of Hz = +50- + 300 Oe was applied at the same time, the two
180DWs will be attach with each other during the motion. Moreover, for a spin
current velocity of up to VDW = 1000 m/s as example, with Hz

+200 Oe, the two

DWs can move smoothly along the nanowire, indicates that the current is not
introducing significant instability into the system. In comparison, in samples
without PMA, it only takes a spin current velocity of u = 200 m/s individually to
136

annihilate the 360DW, showing that DWs are more robust and stable under
higher current compared to those in soft FMs, which is consistent with other
study of single DW [114, 115]. This allows us to inject higher current into the
nanowire and achieve higher DW velocity and thus results in faster processing
speed.
Finally, the effect of spin current was examined. It is known that due to spin
transfer torque [1, 2], a current pulse can drive the DWs along the direction of
electrons flow. Moreover, the DW motion is resonant with an AC current of
appropriate frequency [34, 35]. Two NWs were initiated 2 lim left of the wire
center for a wire with W = 100 nm, T = 12 nm and K = 6.0 x 105 erg cm-3 and a
spin current velocity of u = 50 to 1000 m/s was injected into the nanowire with an
increment of 50 m/s. When there was no field being applied, the two DWs were
driven to the right and their spacing increased simultaneously due to the stray
field effect as discussed above, but this motion was small compared to the
effects of applied field and current. If a field of Hz,app = +150 Oe was applied
together with the spin current, the two NWs approached each other during the
motion. The motion remained smooth for a spin current velocity of up to

VDW =

1000 m/s at Hz,app 5 +150 Oe. In comparison, in samples without PMA, it only
took u = 200 m/s to annihilate a 360DW for W = 100 nm, T = 12 nm and K 1 = 0.
This suggests that DWs in PMA nanowires are more robust against currentdriven instabilities compared to those in soft FMs, which is consistent with other
DW studies [114, 115]. Within the steady motion regime, we found that the DW
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velocity is VDW(t) = u(t) x

for the NWs, where u is the spin current velocity

inside the nanowire [4].
If an AC current is injected, the DWs oscillated instead of moving in one
direction. A current was injected with u(t) = uO * sin(2Ttft), where uO is the
amplitude of the spin current velocity and f is the frequency of the AC current and
t is the simulation time. We varied uO from 200 m/s to 2000 m/s and f from 0.25
GHz to 4 GHz. The two 180DWs oscillated in response to the current and
maintained their spacing.
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6.4

Conclusion

In this chapter, we have studied the structure and interactions between DWs in
PMA nanowires using micromagnetic simulations. DWs adopt Bloch or Neel
structures with Bloch walls favored in wires with higher width, thickness and
anisotropy. By varying the anisotropy coefficient, we have found that at low
values of anisotropy, the wire had in-plane magnetization and VWs or TWs exist.
In contrast, in high PMA nanowires DW interactions are dominated by stray fields
from the surrounding PMA regions, leading to repulsive interactions that stabilize
sets of multiple DWs to have uniform spacing, and which preclude the formation
of PMA 360DWs.
We then injected spin current into PMA nanowires. We found that DWs in PMA
materials can be translated by spin current and maintain a steady velocity similar
to DWs in IMA nanowires. However, DWs in PMA nanowires can move steadily
at higher spin current densities and correspondingly high velocity compared to
those in IMA nanowires. These properties make PMA materials an ideal media
for DW-based memory and logic applications. We have also found that when
multiple DWs are moving together in high PMA nanowires, repulsion between
them leads to uniform spacing.
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7. Summary and future work
7.1

Summary

I In summary, my thesis addresses two major issues relevant to DWs and their
applications. The first is geometry effects on DW behaviors, in both soft
ferromagnetic nanowires and nanowires with PMA. The second is the study of
360DWs, which is an alternative option for DW-based applications. We studied
static and dynamic behaviors of 360DWs and compare these with 180DWs. We
have also combine the two parts and studied the geometry effects on 360DWs,
proposed a prototype device using 360DWs and corresponding geometry effects.
We have found that natural geometry variation from the fabrication process such
as edge taper will have significant effects on 180DWs, both distorting their static
configurations and changing their motion driven by spin current. Such edge taper
can affect DW behaviors in both soft and PMA ferromagnetic nanowires, but in
different ways. In soft ferromagnetic nanowires, the edge taper will increase the
demagnetization field at the edge, which will distort the configuration for both
TWs and VWs compare to rectangular nanowires. When the DW is moving by
spin current, the higher stray field at the tapered edges will delay the generation
of vortex cores, which will induce Walker Breakdown instability regime. The
effects allows us to induce higher DW velocity in tapered nanowires while still
maintaining the stability while moving. Such effect is beneficial for current
induced DW motion and its applications.
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For the same tapered geometry, its effect on PMA nanowires is different.
Depending on the mechanism of the origin of PMA, we found that the taper will
decrease PMA at the edges for [Co/Pd]20 multilayers while increase PMA at the
edges for Llo-FePt. The variation of PMA at the edges will then affect the DW
nucleation and propagation during the magnetization reversal process. The edge
taper effects on PMA is confirmed by MFM imaging of the DWs after relaxation,
which is consistent with our observation.
We have also the first time illustrated experimental observation of the formation,
dissociation and annihilation of 360DWs and its stability dependence with
geometry such as wire width. We have also studied field and current driven DW
motion by both simulations and experiments. Responses of 180DWs and
360DWs to magnetic field has been observed and the differences are
qualitatively consistent with simulation predictions. We have also showed hints of
current-driven 360DW motion. There are some quantitative discrepancy between
experiments and simulations in perfect wires, which can be explained by material
non-uniformity and geometry defects. After taking such factors in to
consideration, the agreement improved significantly. We will still need to conduct
extensive experiments on the current driven motion in order to make 360DWs
applicable in memory and logic devices.
360DWs are intrinsically different from 180DWs due to the interaction between
the two composing DWs. Understanding this allows us to further explore the
DWs interactions in PMA nanowires. We have found that in high PMA nanowires
DW interactions are dominated by demagnetization fields from the surrounding
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PMA regions, leading to repulsive interactions that stabilize sets of multiple DWs
to have uniform spacing, and which preclude the formation of PMA 360DWs.
When injected spin current into PMA nanowires. We found that DWs in PMA
materials can be translated by spin current and maintain a steady velocity similar
as DWs in IMA nanowires. However, DWs in PMA nanowires can move steadily
at higher spin current densities and correspondingly high velocity compared to
those in IMA nanowires. These properties make PMA materials an ideal media
for DW-based memory and logic applications. We have also found that when
multiple DWs are moving together in high PMA nanowires, the stray field will
force them to separate with each other at an identical distance.
We finally studied the geometry effects on 360DWs in one nanowire to
understand how such geometry factors will affect DW interactions in soft
ferromagnetic nanowires. We designed artificial hetero-structures which can
generate an asymmetric Oersted field that affects differently depending on the
chirality of the 360DWs. Such structure can function as a chirality filter and
introduce a new freedom in 360DW logic.
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7.2

Future work
7.2.1

Current effects on 360DWs

We have the first time illustrated experimental observation of the formation,
dissociation and annihilation of 360DWs and showed hints of current-driven
360DW motion. The field effects on 360DWs are qualitatively consistent with our
prediction using OOMMF simulations. However, we will need to conduct
extensive experiments on the current driven motion in order to make 360DWs
applicable in memory and logic devices.
In order to do this, we will need to reduce the pinning effects from the materials
such that the critical spin current velocity required to move a 360DW will be lower
than that to annihilate it. Soft ferromagnet such as Ni8oFe2o is a suitable
candidate for such purpose. However, one problem is that due to the soft
ferromagnetism, when the two 180DWs move from two sides to combine into a
360DW as shown in Fig. 25 previously, the two 180DWs have a higher velocity
we met and easily to annihilate spontaneously instead of form a 360DW. One
way to solve this is to find some ferromagnetic material whose softness is
between Ni8oFe2o and Co, such as NixFe1oo-x with a different composition.
We can also use a different method to form 360DWs in Ni8oFe2o. For example as
demonstrated in a recent paper [116]. In this article, a circular Oersted field in the
XY-plane was generated by injecting a current pulse into a straight current line
pointing out-of-plane. Such field will generate two 180DWs of opposite sense in a
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localized area inside the nanowire and thus they will have less velocity when
meet.
After we are able to form a 360DW in soft ferromagnets and able to move it by a
current, we will want to measure its velocity during the motion. Velocity of
180DWs are most commonly measured using magneto-optic Kerr effect (MOKE),
which the laser polarization will be rotated when reflected from a magnetic
surface. Since the polarization is dependent on the direction of magnetization, it
will change after an 180DW passes through. However, for a 360DW, since the
magnetization direction is the same on the left and right sides of the DW, it will
require much higher resolution of the Kerr microscope that is high enough to
resolve the 360DW itself.
Besides MOKE, we can also possibly measure the AMR change in a timeresolved manner. If we know the distance of the two electrodes between which
we measure the resistance, we can inject a current pulse and measure the time
between the start of the pulse and the jump of the resistance, which indicated
360DW moves out of the range. However, we need to be careful using this
technique that we need to confirm the 360DW moved out before it gets
annihilated. To do this, we can add a third electrode on the right of the second
electrode as shown in Fig. 42. We will then measure the resistance between
electrodes #1 & #2 as well as between electrodes #1 & #3. If we observe
resistance jump both from electrodes #1 & #2 and from electrodes #1 & #3, it
means the 360DW is annihilated. If we observe resistance jump only from
electrodes #1 & #2 but not from electrodes #1 & #3, it means the 360DW is
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moved out of the area between electrodes #1 & #2 but resides between
electrodes #2 & #3.

+

#2

#1

#3

I

Figure 42 Schematic of the AMR measurement setup to calculate the velocity of
the 360DW during current driven motion. A spin current is injected from left to
move the 360DW and the pulse is turned off right after we detect a resistance
jump between electrodes #1 & #2. If we do not observe a resistance jump
between electrodes #1 & #3, it means the 360DW is moved out of electrodes #1
& #2. If we also observe a resistance jump between electrodes #1 & #3, it means
the 360DW is annihilated.

Moreover, we have found previously that 360DWs are able by difficult to be
translated by spin current in Co nanowires. In order to allow a 360DW to be
moved by current, the problem that edge roughness and crystalline anisotropy
pin the 360DW in Cobalt samples need to be solved. Since the edge roughness
is already been reduced by optimizing the fabrication process, reducing the
crystalline anisotropy would be a better way.
145

We could try to use materials with lower anisotropy than cobalt and one common
candidate would be Ni8oFe2o. However, as mentioned above, during the
formation of a 360DW, we must allow two 180DWs to be attracted to each other
and for Ni8oFe2o, due to their lower pinning, the two 180DWs move faster and
promotes annihilation of the two 180DWs.
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Figure 43 Perpendicular magnetic anisotropy of NixFeloo.x with dependence of x
[7].

My plan would be to choose some materials with a crystalline anisotropy lower
than cobalt to allow easier motion while also higher than Ni8oFe20 to make sure
the two 180DWs are stable enough to form a 360DW. From Fig. 43, we can
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know that the anisotropy of NixFeoo-x is dependent on the stoichiometry and
reaches minimum at x = 80. If we shift x from 80 (e.g. to x = 50) the anisotropy
will increase and is probably suitable for our purpose.
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7.2.2 Design and implementation of 360DW based devices
The ultimate goal is to implement 360DW based devices for application in
memory and logic processing. For example, we have already published a paper
to demonstrate logic circuit prototypes for three-terminal magnetic tunnel
junctions with mobile 180DWs [36]. In this paper, we showed that a single threeterminal device can realize inverter and buffer operations. We also demonstrated
one device can drive two subsequent gates and logic propagation in a circuit of
three inverters. Such prototype demonstration shows that magnetic domain wall
logic devices have the necessary characteristics for future computing, including
nonlinearity, gain, cascadability, and room temperature operation.
However, to implement devices using 360DWs would require to resolve some
unique issues. First of all, we will need to carefully control the position of the
360DW such that when we read the data, we can control the 360DW to be
exactly under the read head. This can be achieved by controlling the amplitude
and duration of the current pulses after we understand the 360DW velocity
dependence with spin current velocity. We believe this is achievable since even
for 180DW racetrack memories [35], we will need to precisely control the 180DW
positions to achieve higher packing density. This can be even easier for 360DWs
since there is less magneto-static interactions between neighboring 360DWs.
As discussed in section 3.3.2, the chirality of 360DWs can provide extra freedom
for data processing and manipulation when used in device applications. Based
on the simulation results in section 3.3.2, we can also try to experimentally
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implement the chirality filter and potentially use it for signal processing and
filtering. Such devices have to potential to be used for magnetic field sensors.
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