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Abstract

The invention of the modern hard disk drive a few decades ago ushered us in the
information age and led to the boom of digital media, social networks and internet
search engines. Since then, the amount of data being generated every year has
increased tremendously while the improvements in the capacity of conventional
forms of storage have struggled to keep pace. Racetrack memory is a proposed
storage device that can overcome the fundamental limits of cramming information
in two dimensions, which most conventional storage technologies are based on.
The concept involves the use of domain walls, which are transition regions between
magnetic domains of different orientations. Patterns of information can be encoded
in the spacing between consecutive domain walls, which can then be electrically
induced to move forward or backward along a magnetic nanowire, allowing read-
write operations. The lock-step motion of domain walls in response to current

pulses is what allows information to be retained during operations.

To store information in dense arrays of magnetic nanowires fabricated in three
dimensions may involve curvature or bends that the domain walls would have to
travel through. Despite the sustained interest in the motion of domain walls for
over a decade, most of the studies on the current-driven motion have been per-
formed on straight wires. Here, we demonstrate that chiral domain walls stabilized
by Dzyaloshinkii-Moriya interaction dramatically speed up or slow down depend-
ing on the curvature of the wire. Alternating domain walls move with different
speeds leading to the loss of lock-step motion and loss of information. We conduct

experiments and develop an analytical model to reveal that this discrepancy in
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the domain wall velocity arises from the distinct tilting behaviour of chiral domain
walls for opposite curvatures. This serious problem can be solved by fabricating
nanowires made out of a synthetic antiferromagentic structure coupled through a
Ru interlayer. We also show a novel application utilizing the effect of curvature in
a magnetic domain sorter made out of a Y-shaped device. Our findings solve an
unanticipated problem in the implementation of the racetrack memory in three
dimensions as well as unravel a new mechanism for manipulating the dynamics of

chiral domain walls.
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Chapter 1

Introduction

1.1 Motivation

Magnetic domain walls (DWs) are transition regions between adjacent magnetic
domains that are polarized in different directions. They have been an area of ac-
tive research due to the variety of properites and behaviour they exhibit. At the
same time, they are also technologically relevant because of their role in magneti-
zation reversal in various forms of magnetic memory. Early work[1] (1960s-1970s)
on studying DWs for storage devices focused on bubble-domain materials, that are
magnetic systems with a perpendicular magnetic anisotropy (PMA), i.e., magne-
tized perpendicular to the plane of the film. They comprise mainly of ferrimagnetic
materials such as garnets|2] or rare-earth transmition metal alloys[3, 4]. Proposals
to store and manipulate information in the form of bubble-domains involved the
use of magnetic field gradients. In 1996, Berger[5] and Slonczweski[6] laid the the-
oretical groundwork for the excitation of magnetization dynamics by spin-transfer

effects from the current, different from the effect of Oersted field. Advances in
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lithography and thin film deposition enabled the realization of these effects when
it became possible to fabricate nanowires (<300nm) made out of deposited mag-
netic films which can be thin enough to apply reasonable levels of current densities
( 10® A/cm?) through it. In such nanowires, DWs could be moved or shifted con-
currently with the aid of currents through spin-transfer torques. A number of
memory|7, 8] and logic[9] devices have been proposed on this concept. Amongst

them, one such concept is the racetrack memory.

1.2 Domain walls for racetrack memory

Magnetic storage devices are based on the principle that information can be stored
in the orientation of a magnetic region, such that the two distinct possible magnetic
orientations represent bits of 70” and ”1”. The ability to manipulate these magnetic
states by either current or field and then read them using an appropriate sensing
device such as a magnetic tunnel junction[10, 11] (MTJ) is what magnetic hard
disk drives are based on. Switching between these two possible states can also
be done using controlled manipulation of magnetic domain walls[12]. In a simple
example of this concept (Fig. 1.1), one can imagine a small nanowire, in which
a domain wall has been created. By applying current pulses, the magnetization
inside the nanowire can be switched from one direction to another, which can be

read using an MTJ sensing device.

Racetrack memory[13, 14], an extended version of this concept suitable for mass-
storage involves storing multiple bits of information in the same nanowire using
DWs. A series of magnetic domains in a nanowire can thus represent a stream of
information. DWs that exist between these magnetic domains can be driven by

sending nanosecond current pulses. As DWs move together in a lock-step motion,
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MTJ r “0” or “17?

FIGURE 1.1: A one-bit DW-based memory device.

the encoded pattern can be sent back and forth to a location on the nanowire
where it can be read or rewritten. By fabricating such nanowires vertically, or in
three-dimensions, one can envision an ultra-dense, fast form of memory with no
mechanically moving components. Studies into the current-driven motion of DWs
is relevant for the technological implementation of such a device. In particular, one
topic that has been largely ignored is the motion of DWs in curved geometries. In
this thesis, we perform experiments in order to understand the effect of curvature
on the motion and discuss it’s impact on the operation of a racetrack memory

device.
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Racetrack
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Horizontal racetrack

FIGURE 1.2: (a) Racetrack memory in the vertical configuration designed in the form of
a U-shaped magnetic nanowire mounted on the surface of the substrate. This configura-
tion gives the highest density. (b) Horizontal configuration which is easier to fabricate.
(c) Data reading is done by sensing the magnetic state using an MTJ. (d) Data can be
written by producing fringing fields on the nanowire through currents in an adjacent
contact line. (e) Arrays of racetracks that can achieve high-density storage. Taken from
[13].

1.3 Scope of the thesis

Chapter 2 gives a brief introduction to DWs and their dynamics.

Chapter 3 includes a discussion on the experimental methods and techniques used

to fabricate magnetic nanowires and perform domain wall velocity measurements.

Chapter 4 consists of experimental work showing that the current-induced mo-
tion of DWs can be dramatically altered in a curved nanowire depending on the

curvature.
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Chapter 5 discusses simulation results from an analytical model that was developed
to explain the experimental results obtained in Chapter 4 and to unravel the
physical mechanism which influences the speed of a domain wall in a curved wire.
We also show that the curvature plays no role in the motion of DWs in a synthetic

antiferromagnetic nanowire.

Chapter 6 discusses the use of curvature to perform domain sorting operation in

a Y-shaped device.

Chapter 7 summarizes the findings of this thesis and scope for future experiments.






Chapter 2

Background

The properties and dynamics of domain walls arise from a host of interesting and
competing interactions. In this chapter, we briefly cover the basics of magnetism
that includes a discussion on the way domain walls are created, and the different
structures they exhibit. We also review the different mechanisms that can be used
to control domain walls - through external fields, conventional spin-transfer torques
or spin-orbit torques that arise from spin-orbit couplng interactions in a magnetic

heterostructure.

2.1 Introduction to Magnetism and Domain Walls

Electrons as elementary particles not only possess charge, but also a spin that
makes it behave like a tiny magnet. But unlike a charged spinning top from
classical mechanics, the orientation of a spin is quantized and can only point in
two directions. The quantized angular momentum associated with an electron’s

1
spin is, s = —h. In most materials, these spins orient themselves randomly and
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FIGURE 2.1: Reduction of the magnetostatic energy in a ferromagnet by the process of
domain formation, adapted from [15].

as a result, the net magnetic moment of that material is zero. In some class of
materials, these spins orient themselves in the same direction resulting in a non-

zero net magnetic moment. These materials are known as ferromagnetic materials.

The presence of exchange interaction - a quantum mechanical phenomenon - causes
spins in ferromagnetic materials to be aligned in the same direction. If exchange
was the sole interaction present in ferromagnetic materials, one could expect them
to composed of a single domain with all the moments pointing in the same di-
rection. Instead, it is composed of subunits of uniform magnetization known as
magnetic domains. Apart from exchange contributions, there are a number of
other factors which contribute to the total magnetic energy and determine the
magnetic structure of a ferromagnet. Amongst those, anisotropy energy governs
the orientation or axis along which alignment of spins is energetically favourable.
Magnetostatic interactions typically govern the process of domain formation. A
uniformly magnetized material such as shown in Fig. 2.1 has poles at the end
that lead to demagnetizing fields. The demagnetizing energy can be reduced by
formation of multiple domains until this process is no longer favorable due to an

increase in exchange energy.

At first glance, it may seem that the magnetization abruptly rotates at the bound-

ary between two domains, but a microscopic examination will reveal that there is
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a more gradual transition. This transition region is known as a domain wall (DW)
and inside a DW, magnetic moments show a gradual rotation from the direction
of one domain to another[16, 17]. Thus, a DW has its own internal magnetic
structure as well. The width of a DW transition is determined by the competition

between the exchange energy and the anisotropy energy and is given by wA.

A

A =
Kess

A, the exchange stiffness constant, is a measure of the strength of exchange in-
teraction. The anisotropy energy, is given by K.fr. A larger exchange energy
results in wider domain walls as the adjacent magnetic moments prefer to be as
parallel as possible. A larger anisotropy energy results in narrower domain walls,

as misalignment with the anisotropy axes of the material costs energy.

In addition, the arrangement of moments inside a DW can take different forms
depending upon the interplay between anisotropy, demagnetizing (arising from
magnetostatic interactions) and exchange energies. Magnetic thin films made out
of materials which do not have any significant form of anisotropy contribution
except from those arising from magnetostatic interactions have moments pointing
in the plane of the film and are called as having in-plane magnetic anisotropy
(IPA). In nanowires made out of such films, DWs are usually formed as vortex
or transverse DWs[18, 19, 20]. Permalloy (Nig;Fejq) is one material used to grow
in-plane magnetized thin films. On the other hand, some materials possess an
additional source of anisotropy (either arising from interfacial, magnetocrystalline
or magneto-elastic contributions) which causes the moments to point perpendic-
ular to the plane of the film. Such materials, are known as having perpendicular
magnetic anisotropy (PMA)[21] and are typically found in layered structures of a

transition magnetic metal and non-magnetic heavy element, e.g. Co/Pd[22] and
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™\ Néel DW

Bloch DW
AN

F1GURE 2.2: Néel DW and Bloch-type DWs formed in a magnetic nanowire with PMA.

Co/Pt[23]. The work done in this thesis focuses specifically on DWs formed in
PMA systems and these DWs can generally exist in two configurations: Néel DW
or Bloch DW. In a Néel DW, the moments rotates in the plane of the DW, whereas
for a Bloch DW, the moments rotate out of the plane of the DW. Thus, in the
case of a Néel DW, the magnetization in the middle of the DW points along the
nanowire length, whereas for a Bloch DW, its points orthogonal to the nanowire

in the plane of the film. This is shown schematically in Fig. 2.2.

In a magnetic nanowire, the Bloch-type DW is generally favorable due to magne-
tostatic interactions. However, for a given thickness, it is possible to transition to
a Néel type configuration by making nanowire narrower, thus changing its aspect
ratio[24, 25, 26, 27]. This change occurs because the rotation of moments along the
length of the nanowire becomes energetically favorable over a rotation orthogonal
to it. More recently, it has been shown that Néel-type DWs can also be stabilized

through another mechanism known as Dzyaloshinskii-Moriya interaction.
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2.2 Dzyaloshinkii-Moriya Exchange Interaction

The exchange interaction responsible for ferromagnetism discussed earlier is also
known as Heisenberg exchange interaction. It is a form of symmetric exchange

whose Hamiltonian is written as :

Here, J is the strength of exchange interaction between two adjacent spins S; and
Sy. It follows that their energy is lowest when they are parallel (for J > 0, ferro-
magnetic case) or anti-parallel (for J < 0, antiferromagnetic case). There is also
another form of exchange, known as Dzyaloshinkii-Moriya Exchange Interaction|[28,

29] (DMI) whose Hamiltonian is defined as:

DMI energetically favors an angle between S; to Ss, but the sense of rotation is
determined by the sign of D, which is the DMI energy constant. One particular
sense of rotation is favorable over the other, hence it is an antisymmetric exchange.
This type of exchange was first proposed by Dzyaloshinkii to explain weak ferro-
magnetism in bulk Fe,O3[28] arising from the lack of inversion symmetry (from

the non-centrosymmetric lattice) in the presence of spin-orbit coupling.

In 2007, a report by Bode et al.[30] presented experimental evidence of a chiral
magnetic order induced by a DMI contribution arising from interface. Using a spin-
polarized scanning tunneling microscope, they observed a left-rotating spin cycloid
in a monolayer of manganese grown on a tungsten (110) substrate. In this spe-

cial case, the lack of structural inversion asymmetry in the presence of spin-orbit
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coupling arises from the interface between an ultrathin heavy-metal /ferromagnet
layer. There were subsequent experimental studies[31, 32, 33| probing the na-
ture of DMI in such structures but a major development took place when Miron
et al. reported fast current-driven domain wall motion in an ultrathin PMA
heterostructure[34] made out of Pt/Co/AlO,*. The authors attributed the high
speeds (upto 400m/s) to the stabilization of the Bloch wall configuration by
Rashba fields generated during current-driven motion. A different mechanism
for fast DW speeds was proposed by Thiaville et al.[35] who pointed out that the
spin accumulation generated from the spin Hall effect (SHE) in Pt can efficiently
move Néel DWs stabilized through DMI. A sufficient strength of D can stabilize
Néel DWs even in wide wires, thus overcoming magnetostatic interactions. The
DMI generates a local longitudinal field at the DW of a chiral nature. Thus, the
rotation of the magnetization inside a DW from an up (or down)? to a down( or
up) domain has a fixed handedness which causes all DWs to move in the same
direction under current, a feature useful for racetrack memory(Fig. 2.3). Experi-
ments by Ryu et al.[36], and Emori et al.[37] confirmed the presence of this chiral
field by performing longitudinal field dependence of DW motion in such structures.
Upon the application of a longitudinal field, equal in magnitude and opposite in
direction to the internal DMI field at the DW, the DW reverts to a Bloch DW
leading to the absence of current-driven motion. The presence of interfacial DMI

in conjunction with a ultrathin magnetic layer has been confirmed from several

heavy metals: Pt[36, 37], Ta[37, 38|, Pd[39], W[38], Hf[38], Ir[39].

"When a film structure is described, the layer on the left is grown to the bottom of the one
on the right.

2In this thesis, when the directions up or down refer to the orientation of a magnetic domain,
up means a vector pointing orthogonal to the surface of film in a direction away from the plane
of the film, and down means a vector opposite of that. Directions up and down may also be
represented using the symbols () or 1 and &) or |, respectively.
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D<0, Left-handedness

D>0, Right-handedness

Pt
Co

FIGURE 2.3: Top: For a Pt/Co structure, D < 0, which leads to the formation of left-
handed chiral DWs (t«—] or |—7 ). Bottom: by making an inverse Co/Pt structure,
the sign of D can be reversed leading to right-handed chiral DW. (1—] or J+—1))

2.3 Domain-Wall Dynamics

In this section, we describe the Landau-Lifshitz-Gilbert (LLG) equation [40] which
governs the domain wall dynamics. Magnetization dynamics are grounded on the
mechanical law that the time-rate of angular momentum change is proportional
to the torque, ? For any unit volume of the magnetic material with where i is

the unit vector, the equation of the motion can be written as:

i
For field-driven dynamics, the mi is acted upon by an effective field, H.s; to

produce the torque, ?
R
T — 7 x Hef |

This effective field includes the effects of ferromagnetic exchange, anisotropy, mag-
netostatics as well as any external field applied on the magnetic material. In addi-
tion, an additional field acts proportional but in opposition to the rate of change
of angular momentum. This field is the phenomenological representation of dissi-

pative effects and can be considered analogous to the role of friction in mechanics.
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FIGURE 2.4: Schematic illustrating the evolution of magnetization under the presence of
an effective field (left). Without the presence of a damping term (right) it continuously
precesses and with its inclusion, it eventually lines up in the field direction.

Including this term, the equation of motion can be represented simply as

—

o — o
m m
E:—mxHeff%—aﬁxg

This describes the LLG equation and the strength of the dissipative effect is mea-
sured by the dimensionless parameter, o which is called the Gilbert damping

constant [41].

2.3.1 Spin transfer torque terms

Electrons traveling in a material not only carry charge but also spin. In non-
ferromagnetic samples, the conduction electrons have no net spin polarization. In
ferromagnetic samples, conduction electrons can become partially spin-polarized
due to the spin-based interactions between electrons and magnetic moments of the
material. In other words, a majority of conduction electrons have spin oriented in

the direction of the magnetization of the material. The degree of spin-polarization
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P can be quantified as

or — O
pP— T {
or+0y

where o4(}) denotes the conductivity of electrons with spins aligned parallel (anti-

parallel) to the magnetization in the material. 3d transition metal ferromagnets

(Fe, Co and Ni) and their alloys exhibit P > 0.

The spin of a conduction electron not only aligns with the magnetization within
the material, but also perturbs it when there is a mismatch of alignment between
them. This happens through spin-transfer torque (STT)[42] which was proposed
by Berger[43] in 1978 as a mechanism to drive DWs through electric currents. In
the 1980s, Berger’s group also experimentally observed domain wall motion in thin
ferromagnetic films[44, 45] although the currents required to drive them were quite
high (~45 A) owing to the mm-wide structures of the film. With the advances
in nanofabrication techniques, studies by various groups[46, 47, 48] demonstrated

domain wall motion in narrower strips with currents of few mA and below.

The originally proposed mechanism describes the motion of a DW as arising from
the transfer of angular momentum from the conduction electrons to the localized
magnetic moments. As the spin-polarized electrons pass through a DW, the spin
tracks the rotating magnetization inside a DW adiabatically. During this pro-
cess, the net angular momentum of the spin-polarized electron and the magnetic
moment has to be conserved. The change in the angular momentum of the spin-
polarized electron is transferred to the magnetization inside the DW and as a
result, the DW moves in the electron flow direction. This type of torque is known
as adiabatic STT. Incorporating the effect of this torque, the LLG equation[49]

becomes:

—
_>

3_,,7; — om
E:—fymxHeferaﬁ)xE—u(j V)t
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_>
The term —u( j - V)m represents the contribution of adiabatic STT. u param-

upPJ

_>
A J ds the unit vector for the

eterizes the spin drift velocity, which is u =
direction of the current flow, up is the Bohr magnetron, e the electron charge, J
the current density and M is the saturation magnetization. When the conduc-
tions electron spins mistrack the local moments inside a DW, the electrons can
be reflected from its original direction of motion leading to a DW motion through
linear momentum transfer. The torque resulting from such a mechanism is known

as non-adiabatic STT[50]. It is parameterized through g, and the strength of

non-adiabatic STT is measured in terms of the ratio, g

—

o s D
a—T:—yﬁxHeff—i—ozﬁxa—T—u(7-V)m+5Umx(?'v)m

2.3.2 Torques arising from spin-orbit interactions

Polarization of conduction electrons in a magnetic material is one mechanism
through which spin currents can be generated that can be utilized for generating
spin torques for manipulation of magnetic moments. The conversion of charge to
spin currents can happen through another process arising from spin-orbit inter-
actions. In some bilayer systems with a non-magnetic layer/ferromagnetic layer
interface (NM/FM), the passage of charge currents in the non-magnetic layer can
give rise to spin currents that can get absorbed by the adjacent magnetic layer
leading to spin torques. The mechanisms leading to such spin torques can be
classified as mainly arising from either the spin Hall effect (SHE) or the Rashba
effect. The Rashba effect is an interfacial effect whereas SHE is a bulk effect.
The Rashba effect[51, 52, 53] arises in magnetic heterostructures with structural

inversion asymmetry. For example, in a structure like Pt/Co/AlO4[34, 54], the
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presence of a heavy metal on one end, and an oxide on the other creates an asym-
metric potential that leads to an electric field perpendicular to the plane of the
interface. Electrons travelling through the ferromagnetic layer experience the elec-
tric field as a magnetic field due to relativistic effects and can tilt[55] resulting in
a torque on the magnetization. Rashba effect generally result in a "field-like”
torque although a "damping-like” component has also been predicted. We ignore
the effect of Rashba torques in discussions pertaining to our experiments as in the
systems we are interested in, it has been found to be of a negligible order[37] when

compared to the spin Hall torques.

The spin Hall torque in bilayer systems arises from the absorption of the spin
currents generated in the adjoining NM layer through the SHE. When an electric
current current is passed through the NM layer, a transverse spin current is gen-
erated with a direction of polarization orthogonal to the direction of the charge
current as well as spin current. The SHE is similar to Anomalous Hall effect
(AHE)[56] in the sense that spin-orbit coupling leads to a deflection of charge car-
riers depending on the spin orientation. In a ferromagnetic material, the majority
and minority spin carriers have different populations, which lead to a transverse
voltage that can be detected. In the case of a NM, there is no transverse voltage
as there are equal carriers of both spin polarizations. SHE was originally proposed
in 1971 by Dyakanov and Perel[57] as an extrinsic mechanism. The extrinsic
mechanism depends on the spin-orbit interaction of electrons with impurities and
can be classified as due to skew-scattering or side-jump. In the skew-scattering
mechanism, an electron approaching a scattering centre experiences a gradient in
magnetic field (owing to relativistic effects). As a result of this interaction, there is
an asymmetric scattering where electrons with different spin polarizations acquire
a transverse velocity in opposite directions. Also known as Mott scattering[58|,

this is a well-known effect used to induce polarization from a beam of unpolarized
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electrons. In the case of side-jump scattering, spin-dependent acceleration or de-
celeration takes place during a scattering event, induced by an effective magnetic
field. Consequently, there is a net transverse displacement upon several scattering
events. This transverse displacement is spin-dependent[59]. Spin Hall effect can
also arise based on an mechanism of an intrinsic nature was made by Murakami et
al.[60] and Sinova et al.[61]. The second mechanism is due to intrinsic properties
of the material, where the band structure in the presence of spin-orbit interactions

can lead to spin Hall conductivity.

Early means of detection of SHE were accomplished by using Kerr microscopy to
detect spin polarization accumulation at the edges of a channel[62]. Since then, the
methods of detection evolved considerably to include various other detection tech-
niques such as: detection of inverse Hall effect[63, 64, 65], spin torque ferromag-
netic resonance[66] and harmonic Hall voltage measurements[67, 68]. The demon-
stration of nanomagnet switching through SHE in IPA[69], and PMA systems[70]
made SHE interesting technologically, particularly for current-induced switching
in MRAM devices. By having a source of spin current, that is independent of the
magnetic layer, SHE and other spin-orbit related torques provide an additional
degree of flexibility in designing devices with lower power consumption and better

perfomance.

The efficiency of charge-to-spin conversion is parameterized by spin Hall angle,
Osr which is defined as Osygg = % Here, J, is the spin current density that
is generated from a charge current density, J. Many 5d group NM elements
are known to show reasonable values of Osyp such as Pt[66, 71, 72], Ta[69] and
W73, 74, 75]. The addition of spin Hall torque term makes the final equation as:
om — om - =
—=— mxHeff—l—anE—u(j )T+ Bunt x (§ -V)m

ot

7 (2.1)
+7 x (M x Hspp(2 % 7))
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FIGURE 2.5: Spin Hall effect in a bilayer system. (a) Passage of charge current in a non-
magnetic layer with SHE such as Pt, leads to a transverse spin current with a direction
of spin accumulation orthogonal to both. This spin accumulation can be absorbed by
the adjacent magnetic layer to produce a spin torque. (b) The spin accumulation is
generated along all the four sides of the SHE material.

Hgspyp parameterizes the effective spin Hall field generated through the spin Hall

effect and can be calculated as :

hWosurJ
2eMt

Hsurp =
Here, ¢ is the thickness of the NM layer which is responsible for SHE. Eq. 2.1 which
includes the sum of all contributions that can contribute to DW dynamics is used
in later chapters to derive the equations of motions for DWs under the influence of
different torques. Here, in this section we describe intuitively the mechanism that
is responsible for DW motion of chiral DWs. The DMI field which stabilizes the
Néel configuration enforces a chirality such that the magnetization at the centre
of DW always points from one magnetization direction to another. For the case of
Pt/Co structure (Fig. 2.6a), the DW magnetization, 7t pw points towards the up-
pointing domain when at rest. When a current is applied, the spin accumulation

generated through spin Hall effect of platinum applies a torque on T pw so as
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to cant it transverse to the wire direction. Consequently, the DMI field which
likes to stabilize the Néel configuration applies a restoring torque on the 7 ow
that produces on out-of-plane rotation and consequently motion of the DW. Note
that since the chirality of the DW is locked, the out-of-plane rotational torque is
opposite for an 1] vs |1 DW. Consequently, this leads to the motion of DWs in
the same direction, which is the basic operating principle of a racetrack memory

device.
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FIGURE 2.6: Domain wall motion arising from interplay of SHE-derived and DMI
torques as seen from a top-bottom viewpoint. (a) At rest, 7 pw assumes a Néel config-
uration. (b) Passage of current through an underlayer such as Pt leads to a SHE-derived
spin accumulation with direction transverse to the wire. This causes a torque on i DW -
(¢) As 7l pyw veers away from its Néel configuration, DMI field acts to restore its pre-
vious configuration leading to an out-of-plane torque. (d) The direction of out-of-plane
DMI torque is opposite for the different DW configurations yet the direction of motion
is the same.

T pmi







Chapter 3

Experimental Methods

This chapter includes an introduction to the experimental methods and techniques
used in this thesis. It includes details of film growth, fabrication and measurement

techniques used for detecting domain wall motion.

3.1 Sample Preparation

The thin film structures studied in this thesis were grown using magnetron sput-
tering on Si(100) wafers with a 250 A thick capping layer of SiO,. The typical
stack[36] for observing domain wall motion in PMA magnetic racetracks with a
single ultrathin ferromagnetic layer was : 100 AlOy/20 TaN/15 Pt/3 Co/7 Ni/1.5
Co/50 TaN'. Based on our experiments, the seed layer of 100 AlO, /20 TaN plays
a key role in inducing strong PMA in the magnetic layers. The seed layer was
deposited by first growing AlOy by reactive magnetron sputtering in an Ar/Oq
(97/3) mixture followed by the growth of TaN by reactive sputtering Ta in an

INumbers indicate the individual thicknesses of the layers in Angstrom units.
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Ar/N, (90/10) mixture. The rest of the magnetic heterostructure is then deposited
before growing a capping layer of TaN in order to prevent further oxidation. The
thicknesses of the layers grown is determined by measurements of thick calibration
films using a thin film profilometer. Some variations of this structure with varying
Pt thicknesses on the top and the bottom interface adjoining the magnetic layer

were also grown[36].

The device structures were fabricated using standard photolithographic techniques
and Ar ion milling as illustrated in Fig. 3.1. First, a layer of SPR photoresist (670
nm) is spin coated on the sample. Using photolithography, patterns are created in
the resist which give definition to the device structures during the Ar-ion milling
process. After milling, a layer of AlO, is deposited in order to refill the etched
material followed by a subsequent step of lift-off using a NMP solvent.

In some cases, gold contact pads are deposited onto the patterned devices to

provide a bigger surface area for making contact using wire bonding.
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FIGURE 3.1: Procedure to fabricate device structures using photolithography: (a) SPR
photoresist spin-coated over film, (b) SPR photoresist exposed to UV photolithography,
(c) after use of a chemical developer, unexposed photoresist acts as the hard mask for
Ar ions being bombarded, (d) after ion milling, (e) AlOx refill, and finally (f) lift-off
process.

FIGURE 3.2: Deposition of gold-contact pad by photolithography, sputtered deposition
of gold and subsequent liftoff.
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FIGURE 3.3: Plane of polarization rotation for an incident beam of linearly polarized
light upon reflection from a magnetic sample. Magnetic regions pointing differently
(grey and white) produce different rotations in the reflected beam[15].

3.2 Magneto-Optical Kerr Effect

Magneto-optical detection of domain structures can be done either using reflection
or transmission of linearly polarized light incident on the surface of a magnetic
material. The former is called the Faraday effect while the latter is called the
Kerr effect. Both are based on the principle that an interaction between the
magnetization in the material and the incident polarized light can lead to a small
rotation of the plane of polarization which can be detected by passing the reflected
or transmitted beam through an analyzer that is set cross-polarized to the polarizer

of the incident beam.

The strength of such magneto-optical effects depends on the magnitude as well as
the orientation of the magnetization. The physics underlying Faraday and Kerr
effect can be can be understood by considering that linearly polarized light can be
decomposed into two oppositely polarized circular polarizations. Photons carry
angular momentum of the same magnitude but opposite signs, L = +1 (in units
of h) for the left and right circularly polarized light, when projected along the

direction of propagation.
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FIGURE 3.4: Linearly polarized light can be resolved into circularly polarized light with
opposite polarizations[15].
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FIGURE 3.5: Electronic excitations corresponding to the two the opposite polarizations
of circularly polarized light[15].

In a magnetic material, these photons can impart angular momentum to electrons
and cause excitation between the two electronic energy levels, S = j:% which arise
from Zeeman splitting. Thus, an electron at S = —% level absorbs a photon with
L = 41 to jump to the § = —i—% state, while an electron at S = —i—% level absorbs
a photon L = —1 to jump to the S = —% state. This is illustrated in Fig. 3.5
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FIGURE 3.6: p-MOKE hysteresis loop showing switching between the two magnetization
states in the presence of field perpendicular to the plane of the film.

3.3 Measurements of DW motion

The Kerr effect can be used to image magnetic domain structures by employing
a Kerr microscope. Kerr microscopy can be done using a wide-field microscope
or a laser-scanning technique. In the former, a regular microscope is used which
is able to provide an image immediately while in the later, a laser spot scans
sequentially the different regions of the sample to form an image. In our studies,
we use a wide-field Kerr microscope. Often, there are irregularities on the surface
of a sample which contribute to an undesirable contrast of a non-magnetic origin.
In some cases, the difference in contrast produced between the up-pointing and
down-pointing domains may not be sufficient. Both problems can be eliminated
using Kerr microscopy in a differential mode. In this method, a reference image is
first captured and then stored digitally. The subsequent feed from the camera is
then digitally subtracted from this reference image. Unless there is a drift in the
feed, the non-magnetic features get subtracted away and only magnetic features

appear in the processed images. These magnetic features only appear if there is
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F1cUrE 3.7: Circuit diagram of a nanowire device used for DW motion measurements

a change in magnetization compared to the reference image. If an up-pointing
domain gets displaced by a down-pointing domain, we see a bright contrast in the
corresponding region. This contrast is dark when a down-domain gets displaced by
an up-pointing domain. By averaging and amplification of this signal, the contrast

can be further increased[17].

Devices fabricated for DW motion measurements typically have a nanowire? that
joins two big pads that are used to make electrical connections. Aluminium wire
bonds are used to make connections onto the device pads. One of the pads is
electrically grounded, while the other one is simultaneously connected to a Tek-
tronix pulse generator and a DC current generator by means of a biased tee. A
small current of 10 pA is injected into the device by the DC current generator in
order to monitor the device resistance. Electrical pulses of varying pulse lengths
and voltages are sent using the pulse generator to induce domain wall motion and
the displacement of the DW. Although the motion of a DW happens roughly in

the time interval, ¢, - when the current pulse is applied - i.e. in nanoseconds, the

2The width of a typical nanowire device used in our domain wall motion experiments is a few
pm but we still refer to it as a nanowire because of its thickness (<10nm).
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(a) DW motion current

# pulses

DW motion current

FicUrE 3.8: Kerr images of the current-driven motion of a DW in differential mode
upon application of 5, 10, 15, 20 and 25 pulses of 5 ns duration. (a) A DW travelling
left-to-right displaces down-pointing regions with up-pointing regions as indicated by
the area that appears as a dark contrast. (b) A DW travelling right-to-left displaces
up-pointing regions with down-pointing regions as indicated by the area that appears as
a bright contrast.

capture rate of the Kerr microscope is in milliseconds, and hence measurements
can only be made about the final displacement, d of the DW after the current has
been shut off. Post-facto measurements about the average velocity, v of a DW can

d
be made in this way as v = —.

P
For all domain wall motion measurements, a DW needs to be injected first. This
is done in the following way. Initially, an out-of-plane field is applied to form a
single domain in the magnetic device. In order to inject a DW into the nanowire
structure, an electrical pulse of a sufficient current density in the presence of an
in-plane field is applied to switch the magnetization using spin Hall torques[70,
76]. The magnetization switching is limited to the nanowire region as the current
density there is much higher than the adjoining pads due to the geometry of the
device. As a result, domain walls are formed on both ends of the nanowire. By
the application of current pulses in the presence of an out-of-plane magnetic field,

there is an asymmetric expansion of the domain nucleated in the nanowire and
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FIGURE 3.9: Plot showing cumulative displacements of DWs vs cumulative time for the
measurements performed in Fig. 3.8. A linear fit gives mean v.

one DW propagates to the pad while the other DW remains in the nanowire. This

DW is then used for DW velocity measurements as shown in Fig. 3.8 and 3.9.






Chapter 4

Experimental results on the

motion of DWs in a curved wire

Current-driven domain wall motion in thin ferromagnetic layers has been studied
extensively over the past decade. This has led to the discovery of suitable material
systems as well as newer and more efficient mechanisms for moving domain walls.
However, most, if not all of the studies have been limited to the motion of domain
walls in straight wires. In order to completely evaluate the racetrack memory
device in two and three dimensions, it is also important to consider the effect
curvature of a nmanowire may have on domain wall motion. In this chapter, we
conduct experiments to explore this and find that the curvature of a nanowire can

dramatically influence the velocity of domain walls moving through them.!

'The contents of this chapter have been either adapted or directly taken from my publication:
Garg, C., Yang, S.H., Phung, T., Pushp, A. and Parkin, S.S., 2017. Dramatic influence of curva-
ture of nanowire on chiral domain wall velocity. Science advances, 3(5), p.e1602804. Reprinted
with permission from AAAS.
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4.1 Device structure for experiments

Experiments for the understanding of the effect of curvature on the motion of
domain walls (DWs) were performed in a U-shaped magnetic nanowire (Fig 4.1)
made from ultrathin Co/Ni/Co sandwiches[36] deposited on a Pt underlayer whose
structure has been discussed earlier in Sec. 3.1. In this structure, the Pt underlayer
induces perpendicular magnetic anisotropy (PMA) in the Co/Ni/Co sandwich and
also gives rise to a Dzyaloshinkii-Moriya interaction (DMI) that stabilizes Néel
DWs that are chiral in nature. Thus, DWs are formed at the boundaries between
magnetic regions with magnetization pointing out of ((-)) and into the plane (X))
of the nanowire, where the magnetization rotates from () to (§)) in a plane
that is perpendicular to the length of the DW. This rotation can be in a clockwise
or counterclockwise direction, which is determined by the sign of the DMI vector.
The U-shaped structure has two straight sections joined by a curved nanowire of
a width, w, and mean radius, R. This designs allows the motion of a DW in the
straight section to be directly compared to the curved section in the same device.
The curvature of a nanowire can be defined as:
1
|Kl= R

The magnitude of the curvature is simply the reciprocal of the radius, whereas the
sign of curvature is determined by the direction of motion of a DW. If we consider
the DW velocity as a vector that is changing along the arc defined by the magnetic
nanowire, then a DW travelling in a clockwise direction is moving along a positive
curvature (k > 0). Whereas, a DW moving in the anti-clockwise direction can
be defined as moving along a negative curvature (k < 0). We can also define the

curvature of the nanowire by using the current vector but we choose to stick with

the DW velocity vector. We assign DWs as either Q)| or (O|&) with regard to
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the direction of their motion. DW motion measurements for a particular current
density, J, are made by measuring d (Fig. 4.2) as a function of various suitable

pulse lengths, ¢, until a steady state velocity is reached (Fig. 4.3).

FIGURE 4.1: Optical image of a typical U-shaped device with R = 7 pm and w = 2 pm.

a) b) c)

D U UubD
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\ ‘ Initial pos

FIGURE 4.2: (a) Cartoon depicting the sign of curvature based on the velocity, v, of a
DW in a curved wire. (b-c¢) The aftermath of a (b) Q| or (¢) O|Q DW travelling a
distance, d, along a curved wire upon the application of a current pulse. The distance
traversed by the DW appears as a (b) bright or (c) dark region, respectively
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FI1GURE 4.3: A d vs t plot for a DW moving in a curved wire with a linear fit to it after
a steady state velocity has been reached.

4.2 Experimental Results

The dependence of v on the current density, J is shown in Fig. 4.4 for a device with
R = 7 pm and wire width w = 2 pm. Four sets of measurements are undertaken
corresponding to both signs of curvature for each DW configuration. It is clear
that there is a speeding up or slowing down of DWs as they travel in the curved
section of the nanowire compared to their motion in a straight wire. (H|&) DWs
along a negative curvature travel at the same higher speed as @[ DWs in a
positive curvature. Switching the sign of the curvature causes the corresponding
DWs to move much more slowly. The DW speeds for opposite curvatures can differ

by more than a factor of 3 as shown in Fig. 4.4.

The disparity in speeds of the two opposite DW configurations can be visualized
more vividly by studying the concurrent motion of two neighbouring DWs. Two
DWs with varying inter-DW distances are placed inside the curved section of the
wire. Subsequently, two current pulses of length 100 ns and a current density of

0.6 x 108 A/cm? were applied to move the DWs. The four panels in Fig. 4.5
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FIGURE 4.4: v versus J shows faster or slower DW motion in a curved nanowire (R =
7 pm and w = 2 pm) compared to a straight wire.

correspond to the four cases for (|| and Q)|(|@Q DWs for the two different
curvatures. The two DWs are color-coded in each image, and their respective
motions are represented by curved arrows of the same corresponding color. In
each case, the DWs move at different velocities, which can be seen in the Kerr
difference images as an expansion or contraction of the initial spacing between the
DWs. Consistent with the single DW data shown in Fig. 4.4, we find that (i)
Q| DW with positive curvature moves at the same high speed as the ()|
DW with negative curvature (Fig. 4.5, compare top left and bottom right panels)
and that (ii) | DW with positive curvature moves at the same low speed as
the @|( DW with negative curvature (Fig. 4.5 compare top left and bottom

right panels).

In Fig. 4.6d-e, we compare similar Co/Ni/Co structures in which variations in

thicknesses of the Pt and Co layers at the top and bottom interfaces are used to
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Before After Before After

FIGURE 4.5: Representative Kerr images showing the expansion or contraction of a
magnetic domain along the positive or negative curvature of a curved nanowire. The
Kerr images are taken before and after the application of two 100-ns-long electrical
pulses with a current density of 0.6 x 108 A/ecm?. They are overlaid together, and the
unedited picture is available in [77]. The yellow (gray) dots indicate the positions of
OI® (R|() DWs, and the arrows represent the trajectory of their motion.

control the effective signs of the DMI and SHE in the structures[36]. Our exper-
iments show that for any values of SHE and DMI, Q|® (&Q)|() DWs go faster
(slower) for positive curvature. Conversely, Q| ((|&)) DWs go slower (faster)
for negative curvature. Thus, although the motion of DWs in such structures
arises from two chiral phenomena, namely, DMI and SHE, the chirality of these
phenomena plays no role in determining whether the DWs go faster or slower for

a given curvature. This is summarized in Fig. 4.7.

The dependence of the DW velocity on the radius of curvature and width of the
nanowire is shown in Fig. 4.8. We find that whether the DW velocity is increased
or decreased for a given curvature is independent of R and w. We note that there

is a threshold current density J. needed to cause DW motion, as seen earlier in
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FIGURE 4.6: v versus J showing the same relationship [as Fig 4.4] between the sign of

the curvature on the increase or decrease in the DW velocity irrespective of the signs of
DMI and SHE.

Configuration | Motion | Velocity
Ol @ slow
RO | @ | fast
Ol® @ fast
RO @ slow

FIGURE 4.7: Truth table derived on the basis of Fig. 4.4 and Fig. 4.6.

Figs. 4.4 and 4.6. When J slightly exceeds the threshold current for DW motion,
the ratio of the velocities for (D@ and Q)| DWs for the same curvature takes
the largest value, reaching almost 10 for the smallest R used in our experiments, as
shown in Fig. 4.8. However, when J is increased significantly above J., vpy/vup
becomes smaller but remains larger than 1 and becomes insensitive to R and w.
We suppose that the motion of the DWs at low current densities will be “creep-

like,” that is, dominated by thermal activation, and at higher current densities will
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be “flow-like.” Then, the current density at which the DW motion passes from one
regime to the other can be influenced because of the enhanced or reduced torques
resulting from the curvature of the wire. In their respective regimes, the ratio of
the curvature-dependent torques is similar. Thus, the peak in the velocity ratio

will appear when the faster DW moves from the creep-like to the flow-like regime.

. .& - Straight ' o 10 ' "
a) ol dC, Kolg A—a] (b) R=4
—v—®( R=4 P 8}
—A—0I® R=5 4 T -
120 —v—®}f“ ;—5 7 . .* ] . -
) Ol® R=7 L v F
“'g RO / ‘,.0‘ ?v 3_3 R=5m \.
= / S 2 4l \
= @ ‘/‘ -~ / ) ‘.\-"‘l \
v L] R
40 r :/ -.. /yv/ ® | @ i 2 L .\:bl_._=“--.l
] .’z/ K
0 | \Z L L . 0 L L L | . T
0.3 06 0.9 1.2 0.3 06 0.9 1.2
J (10° Alem?) J (10° Alem?)
T T T 1 0 T
- -# - Straight Section d
C) 160 F 5 olgw=2 W Ol® ( ) 8
RNOwW=2 L
v Olowed ‘?
120 | —a—@I0Ow=4
m —v—Cl®w=6 g 6f
= —A—gOw=6 . = w=6
= 80F //- >\®|® 34l N
=L@ [ : W=4\\_
40! :/ . ‘44’ \__J'\n-.\___\ ~a
O L L 0 I ! ! !
0_3 06 09 12 0.3 06 0.9 1.2
J (10° Alem?) J (10° Alem?)

FIGURE 4.8: DW motion as a function of  (a-b) and w (c-d) for the film structure used
in Fig. 4.4. Nanowires in (a-b) have a constant w = 2 pm while nanowires in (c-d) have
a constant £ = 16 pm. (a,c) show v versus J behavior. (b,d) show the calculated ratio,
vpy /vy p for positive k.
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Mechanism underlying the role of

curvature

In the previous chapter, we have conclusively shown that the curvature of a
nanowire plays an important role in influencing the speeds of the domain walls
(DWs) travelling through them. The speeding up or slowing up of DWs depends
on the curvature as well as the configuration of the DW. In this chapter, we un-
ravel the inner workings of the physical mechanism responsible for the curvature
effect and develop an analytical model to explain the experimental results we have
obtained so far. We also show that the effect of curvature on the motion of DWs

can be eliminated by the use of synthetic antiferromagnetic structures.!

!The contents of this chapter have been either adapted or directly taken from my publication:
Garg, C., Yang, S.H., Phung, T., Pushp, A. and Parkin, S.S., 2017. Dramatic influence of curva-
ture of nanowire on chiral domain wall velocity. Science advances, 3(5), p.e1602804. Reprinted
with permission from AAAS.
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5.1 Effect of DW tilting on the motion of DWs

As discussed earlier in the Sec 2.2, chiral DWs of Néel-type configuration are
formed in films structures with a heavy metal/magnetic layer interface which can
then be driven to high speeds due to the spin orbit torques acting on the magneti-
zation of the DW. The injection of current in a nanowire leads to spin accumula-
tion derived from the spin Hall effect (SHE), which cants the DW magnetization,
mpw, by an angle ¢. Subsequently, there is an out-of-plane restoring torque from
the DMI field whose orientation is normal to the DW surface in the plane of the
nanowire. The speed of the DW is proportional to Hp msin(¢), and thus depends
on the torque generated by the DMI exchange field, H pav on the mpy . In straight
wires, another important factor that influences DW speed is the current induced
tilting of the DW from its initial radial direction that it takes up in the absence
of current. Current induced tilting of DWs has previously been observed[78, 79
and is due to an increase in the DMI exchange energy as the spin Hall torque
rotates m away from Hpa which can be minimized by DW tilting. However, this
lengthens the DW, thereby increasing the magnetostatic energy, and limiting the
DW tilt angle. The DMI driving torque acting on the DW is thus modified to be
Hpasin(é — x) where y is the angle the DW normal makes with the nanowire
(Fig. 5.1). In straight wires, the tilting of the DW is only determined by the

competing interactions between the DMI energy and magnetostatic energy.

In curved wires, an addition cause of tilting arises from the geometrical shape of
the curved wire in the following ways: (1) A DW travelling along a curved wire
has to travel unequal distances along the inner rim and the outer rim of the wire,
and (2) An unequal distribution in the current densities along the cross-section
of the wire resulting from geometry will lead to unequal torques along different

sections of the DW. Thus, an additional tilt will result that may either add to, or
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(b) Current

Spin
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FIGURE 5.1: (a) Tilting of a chiral DW under current-induced torques in a Pt/Co/Ni/Co
heterostructure (Adapted from [78]. Copyright 2012 The Japan Society of Applied
Physics). (b) Illustration of the Hpyy) tilt, x and DW magnetization angle, ¢ induced
under the effect of current-induced motion.

subtract from the tilt that is already induced by the DMI interaction. In order to
qualitatively and quantitatively evaluate the additional tilt imposed by the curved
wire geometry, we develop an analytical model that has been successfully used to
describe the current induced motion[36, 39, 80] and dynamic tilting[79] of DWs
in straight racetracks. In this model, the DW’s profile is assumed fixed along the
cross-section of the wire and its motion can be evaluated for a one-dimensional
nanowire. A quasi-2D model for curved wires was developed under the assumption
that the DW’s profile now remains constant within the DW’s moving frame of
reference. To do this, we need to make a transformation between the Cartesian
coordinate system of the observer and the cylindrical coordinate system of the
DW. The critical parameters in the model to describe the DW motion with the
moving frame of reference are, ¢, ¢ and (, (see Fig. 5.2; Fig. A.la). ¢ is the
angle that m makes with respect to the tangent direction to the nanowire, and
( is the tilting angle of the DW with respect to the radial direction. Apart from
H py whose direction is always perpendicular to the DW, H ¢ is the DW shape
anisotropy field, which is also always perpendicular to the DW, but whose direction
favors m being parallel to the DW. There are two important torques that drive
the DW that are shown in Fig. 5.2A. These torques derived from H pm and ﬁk

are Tpyy = —y m X Hpy and 7, = —y m x Hj, respectively, where v is the
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gyromagnetic ratio. Based on our model, we find that the tilt of the DW during
motion can be either in the same or the opposite direction to the physical rotation
of the wire itself (i.e. curvature) leading to distinctive behaviors for opposite
curvatures as illustrated in Fig. 5.2. When the DW tilts away from the direction
of the curvature then the chiral spin torque is decreased (Fig. 5.2a). For opposite
curvature then the chiral spin torque is increased (Fig. 5.2b). In both cases this
is due to the increase or decrease of the angle between the H pym and m, which
determines the driving torque on the DW. In addition 7} either adds or subtracts
from 7pjys depending on the curvature, which is different from straight wires when
Tk is always opposite to 7pys. Refer to the Appendix A in order to go through the

complete details of the analytical model and its derivation.

Tom X WX

FIGURE 5.2: Schematic illustration of the critical parameters, fields, and torques that
describe the current-induced DW motion. (a) (O|Q) positive curvature (top) and @|©
with negative curvature (bottom). (b) @|(-) with positive curvature at low J (top) and

Q| with positive curvature at high J (bottom). Size of symbols [J and X represent
the magnitudes of their respective torques.
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5.2 Comparison with experimental results

Detailed results from the quasi 2D model that include the effect of non-uniform
current density, DW pinning, and thermal fluctuations in the DW are shown in
Fig. 5.3. Simulations were performed for devices with dimensions identical to
ones used to obtain experimental results in Fig. 4.8. The model has features
similar to our experimental results concerning the dependence of v on J, namely a
threshold J above which v gradually increases until v plateaus at different values
for different curvatures and widths. Both ¢ and ( reach plateaus at the same J as
v but whereas ( takes very different values for different curvatures, ¢ is insensitive
to the curvature. Thus, it is ( that controls the dramatic dependence of the
dynamical motion of the DW on curvature, as illustrated schematically in Fig.
5.2. ( takes a smaller value for a @|() going through a positive curvature due to
the competition between the DW tilting due to the DMI and the geometry of the
wire. As a result, this DW travels at a higher speed. For a ()|@) travelling along
a positive curvature, the tilt adds up, and hence the DW travels with a larger ¢
and a smaller speed. Interestingly, ¢ has a non-monotonic dependence on v that
results from the DW pinning. Whilst it is clear that our model does not exactly
match our experiments it does account for the major features that we find, and
gives useful insight into their origin. Most importantly, the universal relationship
between the DW speed and curvature that we find experimentally is reproduced by
the model. The model also shows how increasing either the curvature or width of
wire increases the disparity in the motion of DW when travelling through opposite

curvatures.
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FIGURE 5.3: Calculated v vs J for ®|® and ®|® configurations for the case k > 0: (a)
straight wire, and curved wires with R = 4, 5 and 7 pm for fixed w = 2 nm, (b) straight
wire, and curved wires with w=2, 4 and 6 pm for fixed R=16 pm. (b,d) Calculated ¢
(main panels) and ¢ (insets) vs J that correspond to (a) and (c) respectively, with the
same corresponding colors and symbols. Note that R and w in (a-d) are in pm. All
simulations were done for k > 0. Parameters used for simulation are discussed in the
Appendix A.

5.3 Effect of curvature in narrow nanowires

The large disparity in motion of alternating DWs in a curved wire was obtained
for micron-wide wires. One may question if the curvature still makes a difference
in DW motion of narrow nanowires since the widths of nanowires should be small

(~ a few tens of nanometers) in practical devices with high density. Hence to
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answer this question we calculate the DW velocity for various radii of curvature
R =100, 125 and 175 nm at fixed width w=>50 nm, which correspond to the same
ratio of g for R =4, 5 and 7 pm at fixed w = 2 pm that are shown in Fig.
4.8a-b and Fig. 5.3a-b. It is clearly observed that the DW velocity is different
depending on the curvature although the difference is smaller than the wider wires
(see Fig. 5.4). However, this difference in narrow wires is critical thus preventing
the proper operation of racetrack device since the lockstep motion independent of

DW configuration is essential.

- -®- - straight

120 R=100 nm (u-d) |
(d-u)
(u-d)
(d-u)
— (ud) ]
“ 80 (d-u)
E
>
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FIGURE 5.4: v against J of Q2D model calculation results that take non-uniform current
distribution, pinning and thermal fluctuation into account for R=100, 150, 175 nm while
w is fixed at 50 nm. All simulations were done for x > 0.

5.4 Comparison with micromagnetic simulations

Micromagnetic simulations of current driven DW motion in curved nanowires have
been carried out using LL.G micromagnetics simulator[81]. Due to the memory in-
tensiveness of simulating a wire of the same size as our experiment, we simulated a
wire which was smaller in dimension (w=0.4 pm, R=1 pm). We have then initial-

ized two magnetic configurations for running our simulation with the domain wall
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Micromagnetic Q2D model
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FIGURE 5.5: Snapshots of (a) micromagnetic simulations and (b) Q2D model calcula-
tions at time t=0, 2, 3.5 and 4.5 ns since the onset of current pulse application. For both
simulations, the following parameters are employed: ferromagnetic layer thickness ¢y is
1.5 nm, the DMI parameter D = —1 erg/cm2, My = 580 emu/cm3, K .55 =5.11 x 10°
erg/cm3, A =0.75 perg/cm, a = 0.1, w=0.4 pm, R=1 pm, the current density, J=1.0
x 108 A/em?, and spin Hall angle 055=0.1. As for the micromagnetic simulations the
used cell size is 2.5 nm x 2.5 nm x 1.5 nm, and the spin Hall layer that is placed under
the ferromagnetic layer is chosen to be 1.5 nm thick.

in the middle of the wire. After sending an electrical pulse with the current density
1.0 x 10® A/cm?, we see that that a ®|® DW responds differently than a ®|®
consistent with our understanding and experimental observations. The micromag-
netic simulation results are in excellent agreement with Q2D model calculations

that use the same parameters (see. Fig. 5.5).
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5.5 Elimination of the effect of curvature in syn-

thetic antiferromagnetic structures

One very important consequence of the curvature dependent DW velocity is that,
in the presence of curvature, ®|® and ®|® DWs move at different speeds: these
speeds, as we have shown, can vary by an order of magnitude. This is a serious
problem that has not previously been appreciated for DW devices such as race-
track memory that rely on the lock-step motion of a series of DWs along a nanowire.
However, we have discovered that the influence of the curvature is eliminated in
synthetic antiferromagnetic (SAF) nanowires. Such SAF nanowires are comprised
of lower and upper magnetic layers that are coupled strongly antiferromagnetically
via an ultra-thin ruthenium layer[82, 83, 84] (see the schematic structure in Fig.
5.6a). Typical results for the DW velocity versus current density for a SAF U-
shaped device are shown in Fig. 5.6b. We note that, in agreement with our
previous results for the current induced DW motion in SAF nanowires[80], the DW
velocity is significantly higher in the SAF structure compared to single magnetic
layer devices, both in the straight and the curved sections. The DWs move at
speeds of up to 450 m/s compared to only 150 m/s for the same current densities
in single magnetic layer nanowires. The data in Fig. 5.6b clearly show that the
DWs move at the same velocity independent of the curvature of the wire and thus,

the lock-step motion of a series of DWs is possible, as shown in Fig. 5.6¢.

The insensitivity of the DW velocity on the curvature of SAF nanowires can be
explained as follows. Firstly, the DW tilting is largely suppressed in the SAF
because the tilting of the ®|® DW in one layer is opposite to the ®|® DW in the
other layer and the strong antiferromagnetic coupling therefore mitigates tilting.
Secondly, the CIDWM in the SAF nanowire is dominantly driven by an exchange-

coupling torque[80] that is derived from the antiferromagnetic exchange coupling
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FIGURE 5.6: (a) Schematic illustration of the DW motion in a curved SAF nanowire
showing the current induced rotation of the Néel moments in the top (my) and bottom
(myg) layers by SHE from spin accumulation from the underlying Pt layer. (b) v vs J
for ©®|® and ®|©® for positive and negative curvature for a device with R = 7 pm and
w = 2 pm. The film stack is shown in the inset with thicknesses of layers in A. (c,d)
Representative Kerr images showing the motion of a (0| ® |® ) and (®| ® |®) DWs
through a curved SAF nanowire.
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field that is much larger than both Hpy and Hy. This torque depends only on
the relative angle between the DW magnetizations in the lower and upper layers

my, and my which is independent of the DW configuration.

In summary, we have found that the velocity of DWs is significantly affected by
the curvature of racetracks in which they are driven by current. Moreover, we
find that there is a universal relationship between the increase or decrease of the
DW’s velocity to the direction in which the DWs move around the racetrack,
independent of the sign of the SHE and DMI that provide the driving torques. In
racetracks formed from synthetic antiferromagnets the effect of the curvature is
significantly diminished or eliminated, reinforcing the attractiveness of synthetic

antiferromagnetic racetracks for DW based memory, logic and sensor devices.






Chapter 6

Highly Asymmetric Chiral
Domain-Wall Velocities in

Y-Shaped Junctions

In the previous chapters, it was shown that a DW travelling through a curvature
can speed up or slow down depending on the sign of curvature and this effect arises
from the influence of the curvature on the tilt of the DW surface as it travels through
it. In a curved nanowire, the DW travels along a wire of constant curvature, thus
reaching steady-state dynamics. Here, by designing a nanowire in the shape of
a Y-shaped junction, we observed the dynamics of a DW which upon travelling
from an input branch into the two symmetric output branches is subjected to a
momentary change in the curvature at the junction connecting them. This allowed
us to capture the motion of a DW as it enters a metastable state upon experiencing

an abrupt turn in the nanowire and its eventual relaration back to steady-state

53
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dynamics. We devise a way to use this device for performing sorting of domains

into one branch or another.!

6.1 Experimental Details

Fig. 6.1b shows an optical image of a representative Y-shaped device used to per-
form Kerr microscopy measurements of the DW motion. The device is patterned
(see Sec. 3.1) using standard lithography techniques from the magnetic stack: 100
AlOy /20 TaN / 15 Pt /3 Co / 7TNi / 1.5 Co / 50 TaN (the numbers indicate the
respective film thicknesses in A) grown by magnetron sputtering on Si substrates
with a 250 SiO, layer for electrical isolation. Care is taken so that there is minimal
roughness along the edges of the structure so that both output branches B and C,
with an angle 6 between them, are nominally identical for DW motion[85]. The
input A is designed to be twice in width as compared to the widths of the two
output branches B and C to keep the current density across the entire Y-shaped
structure constant. The current crowding near the bifurcation region is highly lo-
calized as obtained from finite element modeling as seen in Fig. 6.2. A nanosecond
voltage pulser is connected to the input branch whereas the two output branches
are electrically grounded. Fig. 6.1c illustrates schematically the SHE-derived spin
accumulation profile at the Pt-Co interface due to the current flowing in the Pt

underlayer along the different branches of the structure.

The Y-shape junction can be used as a tool to explore the current-driven dynamics
of a chiral DW which would ordinarily not be possible in a straight wire geometry.

By causing the DW to travel through an abrupt turn in the Y-shape, we obtain

I The contents of this chapter have been either adapted or directly taken from my publication:
Garg, C., Pushp, A., Yang, S.H., Phung, T., Hughes, B.P., Rettner, C. and Parkin, S.S., 2018.
Highly Asymmetric Chiral Domain-Wall Velocities in Y-Shaped Junctions. Nano letters, 18(3),
pp-1826-1830.
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FIGURE 6.1: Out-of-equilbrium motion of DWs and device structure. (a) Time-resolved
1D model snapshots of the current-induced motion of a chiral DW in wires with different
initial DW states at ¢ = 0 ns, each having a different tilt angle. Reference lines (white)
are drawn to compare the displacements of DWs ¢t = 50 and 100 ns. Depending on the
initial tilt, a DW travels either faster or slower compared to a DW which starts from
a rest state. Modelling parameters are described in the later sections. (b) Micrograph
and electrical circuit of the Y-shape structure with its three branches labelled as A,
B and C. The width of input branch A (5 pm) is twice that of output branches B
and C (2.5 pm) that subtend an angle 6 between them. All the branches are 20 pm
long. Branch A is electrically connected to a nanosecond pulser while branches B and
C are electrically grounded. (c) Schematic showing a typical Y-shape structure and the
spin Hall derived spin accumulation (green) which changes direction at the Y-junction.
The current density J is uniform across all branches except for narrow regions near the
bifurcation region.
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Current density distribution for j = 1 x 108 A/lcm?
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(x 108 Alcm?) ~ 0.2

FIGURE 6.2: Current density distribution from finite element model shows increase in
the current density around the outside edges and a corresponding decrease in current
density along the inside edges. The regions with smaller or larger current densities are
quite small and scale with the width of the magnetic structure and 6.

an out-of-equilibrium tilt of the DW with respect to the new spin accumulation
direction (that is defined by the current direction in the nanowire). Depending
on this tilt, a DW travels either faster or slower than it would do when starting
from a rest state. This is succinctly captured in the snapshots of our modelling
results as shown in Fig. 6.1a. We see that DWs with different tilt angle in three
wires travel with different speeds. Eventually, the DW accelerates or decelerates
to reach steady-state motion and the associated timescales can vary distinctively
depending on the initial out-of-equilibrium tilt and width of the wire. Thus in order
to understand this, we design various Y-shape junctions and observe dramatic
differences in the DW dynamics that we explain using an extended form of the 1D

model.

A DW is first created in the input branch A (Fig. 6.3) and is then moved towards
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FIGURE 6.3: The wider input branch is connected to a voltage pulser, whereas both the
narrower output branches are electrically grounded.

the bifurcation region of the Y-junction by a predetermined distance without any
external magnetic field. Once the DW is at the desired location, the background
Kerr contrast is reset. Afterwards, a single pulse of voltage V, with a typical
rise time of 300ps and a fall time of 700ps and pulse length ¢ is applied across
the device, which makes the DW (i) move distance d4 from its initial position
in branch A, (ii) split into two DWs that then (iii) travel into the two output
branches, represented by the Kerr contrast images. The distances traversed dp
and dc by the two DWs in their respective output branches B and C are then
measured. This single-shot experiment for a given V, and t is repeated 50 times
to build statistics. The experiment is repeated for 10 V < V, < 28 V and 20
ns < t <100 ns for devices with 8 = 30°, 60°, 90° and 120° as summarized in Fig.
6.4. The two distances dg and dg differ from each other in a systematic way as
a function of V,, t and 6. Note that the domains wall in Fig. 6.4a are oriented
nearly perpendicular to the wire edges whereas in earlier experiments on similar

wires the domain walls were found to have a significant tilt after current driven
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motion[78]. However, in these previous studies the magnetic layers were deposited
on a TaN seed layer as compared to the Al,O3/TaN seed layers used in the current
experiments. The latter seed layer has the effect of reducing the pinning of the
domain walls so that after the current pulse is removed the tilt of the domain wall
introduced by the spin-orbit torque relaxes back to its equilibrium state without

any tilt.

Fig. 6.4a (left column) shows representative Kerr images of an up-down (UD)
DW that travels much further in branch B than in branch C as 6 is increased after
aV, =16 V and ¢t = 100 ns pulse is applied. Remarkably, in same devices, a
down-up (DU) DW (Fig. 6.4a; right column) travels further in branch C than in
branch B. Fig. 6.4b represents the asymmetric behavior of an UD DW in a device
with 6 = 90° (see [85] for detailed data for all #). Experimental data indicating
the distance travelled by a DW into the branches A, B and C upon application
of a single pulse is indicated by solid lines. Dashed lines of corresponding color
indicate the displacement of a DW, had it travelled in a straight wire, with a
constant steady-state velocity wy in the respective branches. Values of uy are
obtained experimentally from current-induced DW motion experiments in the de-
vice. Clearly, in the branch B, the DW has travelled further and in the branch
C, it has fallen behind compared to a DW traveling in a straight wire with the
velocity, uy. Alternatively, we can plot dg — d¢, which is the asymmetry in the
distance traversed by the DWs in branches B and C as shown in Fig. 6.4c. We
find that for V, = 15.8 V, dp — d¢ keeps increasing up to ¢ = 100 ns which is the
range of our instrument. This indicates that the out-of-equilibrium DW dynamics
which are responsible for this asymmetry are sustained for significant timescales
and distances beyond the initial bifurcation region where the DW splits. The DWs
reach an equilibrium state when they start moving at uy in both the branches and

hence dp — d¢ saturates. This is seen more clearly for V,, = 19.9 V and 25 V. For
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FIGURE 6.4: Asymmetric DW propagation. (a) (left column) The dark region shows the
wake of an up-down (UD) DW that moves from branch A into branches B and C upon
splitting into two DWSs when a single pulse of V}, = 16 V and ¢t = 100 ns is applied across
the devices with 6 = 30°, 60°, 90°, 120°. (right column) The bright region indicates
the same but for a down-up (DU) DW. (b) d4 +dp and d + dc measured as a function
of V}, and t for 6 = 90°. Each data point is obtained after performing 50 repetitions to
build statistics. The dashed lines indicate the distance that the DW should have moved
at its steady-state velocity in the respective branches. Only those combinations of V,,
and t have been considered where the DW in branch A splits into two and travels into
the two output branches B and C. (¢) Asymmetry defined as dg — d¢ for § = 90° for
UD (top-half panel) and DU (bottom-half panel) DWs. (d) Asymmetry as a function
of V, for t = 100 ns for devices with 6 = 30°, 60°, 90° and 120°. Measurements for UD
are in the top-half panel and DU are in the bottom-half panel.
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6 = 120°, dg — dc does not saturate at any V), (refer to[85]). dp — d¢ for an UD
and DU DW also look remarkably like a mirror image of each other, i.e., the asym-
metry in the branches is reversed (Fig. 6.4). Although electrical measurements
confirm that the branches B and C are symmetrical, this further suggests that
this asymmetry is not due to spurious effects such as lithographic patterning, edge
pinning, current crowding near the bifurcation region, or any other inhomogeneity
in the magnetic structure that would make one branch more favorable over the
other for DW motion. Fig. 6.4d shows a systematic increase in the asymmetry

dp — d¢ with increasing 6 for different voltages, which we will discuss later.

6.2 Analytical model for interpretation of results

In the previous chapter, we described the use of an analytical model to account for
the effect of curvature on the velocity of curved wires. The differences in the DW
tilting behaviour along different curvatures resulted in the speeding up/slowing
down of DWs along a curved wire. In a similar vein, we have developed a detailed
1D model[36, 79] extended in 2D to account for the observed experimental results
for the Y-shape device. The difference here being that instead of a DW travelling
along a wire with constant curvature, it is subjected to a single abrupt turn in its
trajectory. It is assumed that when a single DW from the input branch splits into
two DWs, which then enter the upper (lower) branch of the Y-junction, the DW
tilting angle and magnetization angle change immediately and instantaneously by

+2 (—%) with respect to the wire edge direction (Fig. 6.5).

For the case of perpendicularly magnetized nanowires the DW dynamics can be
described within the 1D model by just two parameters, namely the position ¢ of the

DW along the nanowire and its conjugate momentum 2M ¢/ where ¢ is the angle
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FIGURE 6.5: (a) Notation for the coordinate axes along with the UD DW and its
magnetization angle. (b) Upon entry into the output branches of the Y-shaped structure,
the DW magnetization angle and the normal to the DW front both get subjected to an
abrupt change in their value by —i—g (—g), depending on upper (lower) branch. In the
wider input branch, 6 = 0.

of the DW’s magnetization in the plane of the wire with respect to the direction
x along the wire’s length (see Fig. 6.5a), M, is the saturation magnetization, and
v is the gyromagnetic ratio. We use the corresponding symbols, ¢ (the position
of DW center), ¢ (DW magnetization angle), and x (Dzyaloshinskii-Moriya (DM)
field angle or DW tilting angle) as defined in Fig. 6.5a. In the Y-shaped nanowire,
the DW profiles of the DWs are given by

, where + and — in blue correspond to the UD and DU DW configurations, respec-

9 ; 0\ o 0
O — 2%tan~! {eXp lixcos (X¥ 2) +ysm(AX:F 2) gsin (X¢ 2)

tively whilst — and + in red correspond to upper and lower branches, respectively.
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O is the angle that the magnetization is rotated from the direction perpendicular to
the layer, i.e. the z axis, as shown in Fig. 6.5a. A is the domain wall width param-
eter. Note that the y axis is set along the direction in the plane of the wire trans-
verse to the wire. Note that ¢ and y are all defined from the +z axis. We describe
the dynamics of DW motion in the Y-shape nanowire by extending the Landau-
Lifshitz-Gilbert (LLG) equation to include the adiabatic and non-adiabatic spin
transfer torques, the spin Hall current torque, the Dzyaloshinskii-Moriya exchange
field, and an applied longitudinal field. The magnetization dynamics is then given

by the following equation:

88—1;4 - —PnyH—i—%Mx%—l\f—bJMxMx%—t/I—ﬁchx%—1;/[+§5HbJM><M><;Q

(6.1)
where M(r,t) is the magnetization vector, « is the Gilbert damping constant,
H is the effective magnetic field, b; is the adiabatic spin transfer torque (STT)
coefficient, f is the non-adiabatic STT coefficient, {sy is the spin Hall angle (or
the effective spin Hall angle that describes the magnitude of the spin accumulation
that the magnetic layer is subjected to), and £syb; is the magnitude of the spin
Hall current torque. Note that the accumulated spin from the spin Hall current
is oriented along transverse to the wire length direction (Fig. 6.5). The effective
magnetic field H is determined by the magnetostatic and exchange energy density

w per area where

ow

H="m



Chapter 6. Chiral Domain-Wall Motion in Y-Shaped Junctions 63

The equations of motion is derived from eq. (1) as follows;

o cos :FQ . . w -
—#qi o= ’%cos (X F g) +yH, — 5vHgp cos (go F g)

cos 2) . . cos 9 . - .
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FrAMHpyy sin (o — x) — H M;Asin2 (¢ — x)

where 0 = 4KA + M H,Asin? (o — x) + nM,HpyAcos (o — x), i.e., DW mag-
netostatic energy. Here the upper and lower of the signs within the blue symbols
correspond to the UD and DU domain magnetic configurations, respectively while
those within the red symbols correspond to the upper and lower branches, re-
spectively. Hy is the magnitude of the in-plane anisotropy field derived from the
shape anisotropy of the DW that favors a Bloch DW configuration over that of
a Néel wall. Hp); is the Dzyaloshinskii-Moriya interaction exchange field at the
DW whose direction is always perpendicular to DW length direction but which is
of opposite sign for the UD and DU configurations (see Fig. 6.6a and Fig. 6.5).
Pinning of the DWs due to localized imperfections is not considered here. The vol-

ume spin transfer torque from the current within magnetic layer is parameterized

psPJ
eMsg

by u = , where pp is the Bohr magneton, e is the electron charge, P is the
spin polarization of the current and .J is the current density in the magnetic layer.
The spin Hall effect is parameterized by an effective field Hgy that is given by
Hgy = % where Jy, is the current density in the underlayer. Incorporating
these equations, we solve for time evolution of the DW displacement, d, instanta-
neous velocity v, angle of the DMI field, y, and DW magnetization angle, ¢, as
the DW traverses from the wider branch A (green) to the two narrower output
branches B (blue) and C (red) for devices with different widths, w and angle 0 as
indicated in each plot (Fig. 6.6b-e, 6.7c and [85]) . The curves have been color

coded depending upon which branch the DW is located. The dashed green lines
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indicate the DW response for comparison when 6 = 0, i.e., for the case when
the output branch were straight and its width had abruptly decreased to half the

width of branch A while maintaining the same current density.

From its inertial frame of reference, when a DW traveling in input branch A enters
an output branch (B or C), it experiences an abrupt change in the SHE-SOT as
well as the DMI torque. Specifically, upon entry of the DW into an output branch,
the DMI effective field, Hpy, (Fig. 6.6a,d) retains its direction (due to the tilt of
the DW evolving slowly in time - being dependent on square of the width of the
nanowire[79]), whereas the DW’s magnetization, 7 py, responds almost instantly
(< 1ns) to the abrupt change in SHE-SOT (Fig. 6.6a,e). Consequently, the DMI-
derived driving torque (o mpw X Hpar) becomes instantancously higher for the UD
(DU) DW in the upper (lower) branch resulting is higher instantaneous velocity,
whereas it significantly decreases in the lower (upper) branch resulting in lower
instantaneous velocity (Fig. 6.6a,c). This detail is accounted for in our model,
which shows that for the dimensions of the wires used in our experiments, the DW
acceleration or deceleration times to reach a steady-state can be significant (on the
order of tens of nanoseconds). Subsequently, we see the evolving disparity in the
DW displacements in the individual branches in agreement with our experimental
results (Fig. 6.6b). The model also predicts that the acceleration time of the slow
moving DW is significantly larger than the deceleration time of the fast moving

DW, thereby, corroborating the experimental results (Fig. 6.4b).

From our model, we also find that by increasing #, we can launch the DW into
the Y-shape branches at an angle further away from the steady-state DW con-
figuration, leading to longer acceleration or deceleration times and consequently,
greater dg — d¢c . This is seen most clearly in Fig. 6.4d where dg — d¢ at the end
of a t = 100 ns pulse for devices with various # are summarized. A systematic

increase in dp — d¢ follows with an increase in 6 for all V,,. We also find that
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FIGURE 6.6: Extended 1D model. (a) Schematic of a device with an UD (left) and a DU
(right) DW initially in the branch A (dashed white line) when current is applied. Spin
accumulation (violet) causes the canting of the DW magnetization unit vector, mpy
(green) and subsequently the DW tilt. Black arrow indicates the effective DMI field
direction Hp M, which is always perpendicular to the DW front. After splitting at the
Y-shape junction, the DW (solid white line) makes different angles with the mipy in
the two branches (¢p and ¢¢) than it made initially (¢ 4) and thus experiences different
effective torques which gives rise to different velocities. Extended 1D simulation for a
device (width of branch A is 5pm, width of branches B and C is 2.5pm and 6 = 90°)
showing time evolution of (b) displacement, d with the asymmetry dp — d¢ shown in
inset (c) Instantaneous velocity, v (d) angle of Hpar, x and e, DW magnetization angle,
¢ for an up-down DW as it travels from branch A (solid green) into branches B (blue)
and C (red) upon splitting. Results of the motion of a DW in a straight wire are also
shown in comparison (dashed green).
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dp — d¢ decreases monotonically after reaching a particular V,, though that exact
point does not appear for § = 30°, 60° for the range of V,, we were able to mea-
sure. This suggests that for a particular 8, while the DWs in the two branches
move with disparate velocities and this difference grows with V,, they are also
able to attain a steady-state motion faster. The acceleration or deceleration times
increase with 6, and may cause the downturn in dg — d¢ to be seen at a higher
V, as seen in Fig. 6.4d. Finally, this model also confirms that when the width of
the nanowire is decreased, the acceleration/deceleration time for a DW decreases
and the DW relaxes to its new equilibrium position much faster (Fig. 6.7). Thus,
while we acknowledge that our 1D model simulations may not be able quantify
the effects of pinning, or current crowding that may happen at the bifurcation
point, by and large, they are able to qualitatively reproduce the key trends we see

in our measurements.

In both our experiments and model, we find that a chiral DW travels different
distances when injected into the branches of a Y-shaped junction. For the opposite
DW configuration, the asymmetry in DW propagation is a mirror inverse of the
original one. Hence by incorporating two coupled chiral DWs of the opposite
configurations in the same structure, we should be able to nullify the asymmetry
caused in the two branches. We do this by forming a synthetic antiferromagnet
(SAF) using a Ru spacer layer sandwiched between two Co/Ni/Co layers[80] as
follows: 100 AlO, /20 TaN /15Pt /3 Co /7Ni /1.5 Co / 8Ru / 3Co / TNi / 3Co
/ 50 TaN (Fig. 6.8a). By forming a Y-shape junction out of this film structure,
we perform current driven motion of DWs and find that the DW travels identical
distances in the two branches upon splitting (Fig. 6.8b). This further reinforces
the concept that the asymmetry is caused due to the SHE-SOT torques.
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FIGURE 6.7: Influence of width. (a) Kerr images of the measurements taken on a
narrower device with branch A width 2pm and branches B and C widths 1um each for
a device with § = 90°. Upon injection from the input branch, the DW displacements
in the two output branches are quite similar for both an up-down domain wall (left)
and a down-up domain wall (right). (b) Asymmetry dp — d¢ for the same device. The
results show that the timescale for the saturation of dg — d¢ is shorter compared to
the wider device (Fig. 6.4) used in our experiments. (c) Model results for device where
branch A width is 2 pm, branch B and C width is 1 pm and #=90°. The DW reaches
its steady-state faster and we see a smaller asymmetry compared to our model results
for a device in Fig. 6.6.
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FIGURE 6.8: Symmetric DW motion in synthetic antiferromagnetically (SAF) coupled
racetracks (a) Schematic of a SAF structure used in our experiment (b) Representative
image for § = 90°, V, = 16 V and ¢t = 50 ns showing symmetric injection of the DW
into the Y-shape output branches.

6.3 A Y-shaped domain sorting device

The controlled manipulation of magnetic domains and domain walls (DWs) by
current forms the basis of a number of proposed memory and logic devices[16, 86,
87] for conventional as well as neuromorphic[88] computing. We now demonstrate
(Fig. 6.9) that our findings above can be utilized to sort domains of opposite
polarities (pair of DWs rather than individual DWs as reported earlier in in-plane
soft magnetic nanowires[89, 90] on the basis of significantly different velocities of
UD and DU DWs upon entering an output branch. Instead of bringing a single
DW near the bifurcation region as in our earlier experiments, we now bring a pair
of DWs, i.e., a domain of a predetermined length, and monitor its motion as a
pulse of V,, = 25 V and either (i) a series of ¢ = 15 ns or (ii) a single pulse of
t = 100 ns is applied across the device. In case (i), the domain splits into two

and travels into both output branches B and C (see supplementary movie S1 and
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S3 in [85]). This is because both the DWs constituting a domain have time to
relax to their zero-current equilibrium state before a subsequent electrical pulse
arrives, thereby leading to the lock-step motion of both the DWs. In case (ii),
however, in presence of a continuous electrical pulse, an UD DW travels faster in
branch B upon entry while it slows down in branch C, whereas a DU DW does the
inverse; the DU DW moving faster in branch C can overcome and annihilate the
slow moving UD DW for appropriate domain and pulse lengths (see supplementary
movie S2 in [85]). For the same reason, due to the velocity difference, the distance
between the UD and DU DW gets increased in branch B. This results in sorting of
an up domain in branch B (Fig. 6.9a(ii)). Similarly, a down domain can be split
(see supplementary movie S3 in [85]) into both the branches or can be sorted (see

supplementary movie S4 in [85]) in branch C (Fig. 6.9b(ii)).

By utilizing symmetry breaking, we have shown that a DW, depending on its
polarity, can be simultaneously accelerated or decelerated in two identical out-
put branches of Y-shaped magnetic nanowires over rather long time scales and
distances, which depends on the angle between the output branches, the current
density used to move the DW and the width of the nanowire. Using this sim-
ple technique, we can indirectly visualize the temporal evolution of the various
torques and their respective effects on the magnetization vector and the velocity
of the DW, since ours is a post-facto rather than a real time technique. Further-
more, by designing a voltage pulse sequence, we show that the domain length in
a nanowire can be manipulated without any magnetic field thereby allowing for
all electrical complex logic in memory devices, where timing of electrical pulses
can be encoded in domain lengths. Finally, the asymmetry can be eliminated in a

synthetic antiferromagnetic structure having two opposite DWs coupled together.
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(i) Splitting

Shift pulse

(i) Splitting

Shift pulse

FIGURE 6.9: DW splitting versus sorting. (a) Splitting (i) or sorting (ii) of an up domain
by modifying the pulse waveform. For a series of short pulses, both the DWs move in
lock-step and during the time the pulse is turned off, the DW magnetization as well as
DW profile for both the DWs relax into their respective equilibrium positions before the
subsequent short pulse arrives. (ii) For a single pulse, the two DWs travel at different
velocities in the two output branches leading to annihilation of the two domain walls
in the bottom branch, whereas increase in the domain length in the top branch. (b)
Splitting (i) or sorting (ii) of a down domain by modifying the pulse waveform just as
discussed in a. The up domain gets sorted in the top branch B, whereas the down domain
gets sorted in the bottom branch C. Red and blue dashed lines show the positions of a
DU and UD domain wall, respectively, in any given frame.



Chapter 7

Conclusions

The controlled manipulation of magnetic moments by charge currents is the key
principle behind many proposed memory technologies. There are several ap-
proaches in doing so, and one approach which has gained considerable interest
recently is the generation of torques derived from spin-orbit interactions. In thin
film structures with a heavy metal non-magnetic layer /magnetic underlayer, pass-
ing currents through the non-magnetic layer can give rise to spin currents that can
be absorbed by the adjoining magnetic layer. These spin currents can efficiently
drive chiral Néel domain walls (DWs) stabilized by Dzyaloshinkii Moriya Interac-
tion (DMI) to high velocities of ~ 350 m/s. Reversal of a nanomagnet through
DW motion can be used in the operation of magnetic random access memory
(MRAM) or racetrack memory devices for fast and low-power operation. As such,
investigation of the motion of chiral DWs under spin-orbit torques has been done
by various studies to unravel the statics and dynamics of DWs under applied fields
and current. Yet no study investigated the current-induced motion of chiral DWs

in curvilinear geometries which are required for the operation of some DW devices

71
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such as racetrack memory in two and three-dimensions. The work done in this

thesis attempted to fill this gap.

In straight nanowires of an ultrathin (<3nm) perpendicularly magnetized system
such as Pt/ Co/ Ni/ Co, chiral DWs move in lock-step motion in response to
currents which give rise to spin Hall torque arising from spin-orbit interactions.
The synchronized motion of DWs is essential for the tranmission of information
encoded in the DWs spacing between neighbouring DWs. We designed U-shaped
nanowires with a semicircular section of a constant mid-radius and found that
while alternating DWs travelled with the same speed in the straight sections,
upon entering the curved section, the speeds were vastly different. A Q| DW
travelling around a curved wire with a positive curvature travelled faster while it
slowed down for the opposite curvature. The reverse happened for a ()|, i.e.
it travelled slower for a positive curvature. The difference between the speeds of
a DW travelling in opposite curvatures increased with a increase in curvature (or
with a decrease in radius), and can vary vastly, reaching a factor of 10 in some
cases. As a consequence, two neighbouring DWs travelling through a curved wire
either increase or decrease greatly the size of magnetic domain enclosed between
them. In some cases, the DWs can come close enough to annihilate each other.
Not only are the speeds different, but the threshold current densities to move the

two DWs of opposite configuration can also be different.

In order to investigate this effect, we grew structures similar to the ones that
were studied but with different thicknesses of Pt/Co layers at the top and bottom
interfaces of the magnetic stack. This allowed us to invert the sign of the DMI
and spin Hall angle (SHA) in the stack. Since the DW motion in these structures
arises from an interplay of DMI and spin Hall torques, we expected this to also
play into the effect curvature has on the motion of DWs. Surprisingly, we find

that the speeding up or slowing down of DWs remains independent of the overall
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sign of the DMI and SHA in the structure. Thus, there is a universal relationship
between the effect of curvature on the speed of DW that is independent of the two
chiral mechanisms - DMI and spin Hall effect (SHE) - which it originates from.

In the past, studies have shown that current-induced torques can lead to tilting
of the DW during motion. This tilting behavior changes the effective driving
torque on the magnetization of the DW which is maximum when DMI field vector
is orthogonal to the magnetization (the DMI field vector is perpendicular to the
DW profile). In straight wires, ()|Q) and @[ DWs tilt oppositely by the same
amount, and hence still travel with the same speed. In curved wires, the geometry
itself induces tilting of a DW during motion. This tilt results from the disparity
in the current density as well as the distance a DW has to travel at the inner and
the outer rims of curved wire. When the tilt induced by the curvature cancels the
tilt induced by the DMI, the DW speed is increased. In the opposite case, the DW
speed is decreased. This physics is captured by a quasi-two dimensional model
of DW motion that assumes that a DW can be defined by three parameters, its
position, its tilt and its azimuthal magnetization angle. The analytical model is
based on moving cylindral frame that is representative of our curved nanowires.
Our model results qualitatively match our experimental results. More specifically,
we were able to reproduce 1) The speeding up and slowing down of DWs for
opposite curvatures 2) The impact of curvature and width of the wire on DW
speed 3) The universal relationship between curvature and its influence on DW
speed. We also find that the differences in the DW speed is indeed coming from the
different tilting behavior of DWs of opposite curvature along a curvature. In our
calculations, the DW tilt angle evolves differently for opposite DWs, resulting in
different effective torques, while the DW magnetization angle which is insensitive

to curvature is roughly identical.
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Our work on the DW motion in curved wires shows a previously unanticipated
problem, i.e., there is no longer a lock-step motion of DWs in curved wires, a
detrimental problem for the operation of DWs in a racetrack memory device. We
manage to solve this problem by designing curved wires made out of synthetic
antiferromagnetic (SAF) structures. In such structures, two magnetic layers are
coupled antiferromagnetically by the interlayer exchange induced by a Ru spacer
layer that is in the middle. A (|@ DW in the bottom layer is coupled to a
Q) |® DW in the top layer. During the application of current in the nanowire, a
coupled DW in this structure moves without any tilting as the tilt in top layer is
cancelled by the tilt in the bottom layer. As a result, the tilting behaviour that
is responsible for the curvature-induced speeding up or slowing down of DWs in a
curved wire can no longer play a role. In addition to that, the exchange coupling
torque, which drives DWs in SAF nanowires does not depend on the tilt angle of
the DW| only the relative angle between the DW magnetizations in two layers.

Thus, DWs in SAF curved wires move at the same speed as straight wires.

In the last part of this thesis, we show the impact of an abrupt turn, i.e., sudden
curvature on the motion of a DW compared to the constant curvature in a curved
wire. We do this by designing a Y-shaped structure with a single input branch and
two equal output branches. Upon application of a single pulse, a DW entering the
input branch splits into two DWs as it enter the two output branches. However,
the DW that enters the top branch experiences experiences a curvature equal and
opposite to the DW entering the bottom branch. The two DWs travel with dif-
ferent speeds, and travel different distances at a non-equilibrium velocity before
entering the steady-state regime of the straight wire. By conducting this experi-
ment with different pulses, we map the time-evolution of the DW dynamics in the
non-equilibrium regime and find that the DW can take several tens of nanosecond

to reach an equilibrium velocity which increases with the angle between the two
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output branches. We use this asymmetric behavior to design a domain biplexer.
Two alternating DWs (or a domain) that are simultaneously injected into the bi-
furcation point of the Y-shape lead to the annihilation of the DWs in one branch,
and an expansion in the other. This arises due to the relative velocity between two
DWs during motion. For the opposite domain, the annihilation happens in the
other branch. Thus with the domain as the input, depending on its magnetization

direction (up or down) we can select which branch it enters.

In summary, by investigating the motion of chiral DWs along curved structures, we
have been able to unravel dramatic changes in its motion which are of consequence
to the operation of DWs in memory and logic devices. Our work sheds light on
the mechanism that is at play for these changes in speed, and also a solution
to eliminating this effect. It also provides a new control for manipulating the
motion of DWs that is based on geometry rather than by changing materials,
which has been the choice for most research studies. In addition, it also solves
one unanticipated problem to the implementation of racetrack memory in two or
three dimensions. A few other challenges that remain are fabrication and design
of a complete architecture for dense storage, reliability of motion, as well as fast
motion at low current densities. With the continued amount of active research in
this field, I hope to see a commercial product based on DW motion in the next

decade.






Appendix A

Quasi two-dimensional model for

DW tilting in a curved wire

A.1 Quasi two-dimensional model for DW tilting

in a curved wire

The quasi two-dimensional model (Q2D)! in curved nanowires used for modelling
of DW motion in Chapter 5 is developed by incorporating (1) a moving reference
frame with Cartesian coordinates that allows for tilting of the DW to be taken into
account, (2) periodic variation in anisotropy to simulate DW pinning, (3) thermal
fluctuations in the DW position and magnetization along the wire, and (4) a non-
uniform current density transverse to the wire. The basic assumption of our model

is that if the DW width is much smaller than the radius of curvature, the DW has a

'The contents of this chapter have been either adapted or directly taken from my publication:
Garg, C., Yang, S.H., Phung, T., Pushp, A. and Parkin, S.S., 2017. Dramatic influence of curva-
ture of nanowire on chiral domain wall velocity. Science advances, 3(5), p.e1602804. Reprinted
with permission from AAAS.
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fixed magnetization profile of polar angle # by which the magnetization is rotated
from the direction perpendicular to the layer, i.e. the z-axis, and the azimuthal
magnetization angle v is uniform all over the wire at each instant of time when
it is manipulated either by current or magnetic field or a combination of the two.
In contrast, when the DW width becomes comparable to the radius of curvature
of the wire, an additional curvature effect should be taken into account since the
azimuthal magnetization angle within DW does not look uniform anymore in the
curved wire moving frame coordinate. However, the wires used in our experiment
have a few microns of curved radius whilst the DW width parameter is ~5 nm.
Hence the former assumption is valid since the latter effect is vanishingly small
and neglected hereafter. For the case of perpendicularly magnetized nanowires
the DW dynamics can be described within the Q2D model by three parameters,
namely the position ¢ of the DW along the nanowire, its conjugate momentum
2M1) /v, where 1 is the angle of the DW’s magnetization in the plane of the wire
with respect to the direction z, and the tilting angle y is defined with respect to
the direction —g (see Fig. A.1). Mj is the saturation magnetization and + is the
gyromagnetic ratio. Here, the key point to note is that the DW motion in curved
wires is instantaneously governed by the DW magnetization angle ¢, and tilting
angle (, defined with respect to unit vectors, é, é, and 2 in the moving frame
coordinates but the DW dynamics is ultimately described by the static Cartesian
coordinates in Q2D model because é, and é, vary as a function of time and DW
position. ¢ and ( are connected to the corresponding parameters, 1 and y, defined
in static Cartesian coordinates, respectively, via DW position g : ¢ (t) = %jﬂb (1)
and ¢ (t) = %) + x (t) where R is the mid-radius of wire (see Fig. S1). As a result,

the domain wall profile of curved wires in terms of moving frame parameters is
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given by

r (5— %)) cosC (t) + (r — R)sin( (¢)
A

6 (r,t) = 2arctanexp |=£ (A.1)

This can be rewritten by static Cartesian coordinates as following.

(VE= T 72 arctan ¥ ,q(t>)cos< Lo +x(t)> + (VTR - R) ( o +X(t>>
Va2 4y Vz24y

6 (z,y,t) = 2arctan exp |:i <

(A.2)

Here the upper and lower signs correspond to the ®|® and ®|® domain magnetic
configurations, respectively, and A is the domain wall width parameter. It should
be noted that the azimuthal magnetization angles ¢ (t) and v (t) do not depend on
spatial parameters, r, z, and y, i.e. uniform as mentioned above. Consequently,
the DW defined by eq. (A.1l) is not a straight line as seen in Fig. A.1 since the
DW tilt angle ¢ in moving coordinates is constant along the transverse to the wire
direction thus showing that the tangent of DW at each point along the DW keeps

the same angle with —é,. direction.

A.1.1 Definition of curvature

In differential geometry, the curvature vector is simply the rate of change of tangent
along an arc. The curvature x in a curved line 7(s) = (x(s), y(s)) that is a

function of a parameter s in the x — y plane can be defined as:

dyd’c _ dxd’y
2 2
K ds ds ds ds (A3)

()" + ()]
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(a)

(b)

FIGURE A.1: Schematic illustration of basic parameters used in the Q2D model for
current driven domain wall motion in top view of curved wires with ®|® domain con-
figuration: (a) top view and (b) slanted overview. The moving frame coordindates és,
ér and 2 are cartooned together with the static Cartesian coordinates Z, ¢ and 2.
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Since the DW position ¢ is constrained to lie within the nanowire, we choose ¢ to
describe the curved nanowire 7 (s). The time ¢ can be used for s, so we set s = t.

Since 7(t) = (Rsin%, Rcos%) (see Fig. A.1A) and ¢ = vt in the steady state,

R
then 7(t) = (Rsin%, Rcos%). Finally using %(tt) = (vcos%, —vsin%), and
dzgt) = (—% sin %, —% coS %f) then we find from eq. A.3, that the curvature x
is given by
1 v
K=—=— A4

Eq. A.4 shows that the curvature s is positive (negative) when the DW moves
clockwise (counter-clockwise). Similarly, if we choose the current density J to be

a parameter that describes (), then we find:

K

= =17 (A5)

Before deriving the equations of motion, let us first discuss the additional effects
as shown in Sec. A.1.2-A.1.4 that we have taken into account in development of

Q2D model in curved wires.

A.1.2 Non-uniform anisotropy induced pinning effect

The threshold current density above which the DWs start to be depinned and
move by current is zero in the absence of any pinning. Since the curved nanowire
devices we measured do not have any artificial notches or blips, we consider the
intrinsic DW pinning only. There are various intrinsic sources that cause DW
pinning. Among them we make use of the periodic variation of anisotropy K.sr =
Kgf 7|1 —mncos %] along the length of wire to simulate pinning since it is the

major factor that give rise to the broadening of ferromagnetic resonances (FMR)

spectrum linewidth, that is, so-called inhomogeneous broadening. Here 7, ¢, and
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Qo are the strength, center position and period of anisotropy, respectively (see Fig.

TAnK9
A.2). The pinning field induced by the periodic anisotropy is Hp;, = 4(1077%

where M is the saturation magnetization. Based on our fitted parameters, we

have H,;, 560 Oe that is consistent with 5-10% of anisotropy field Hx ~ 1 T

of our film since the inhomogeneous broadening is known to correspond to this

proportion of H[91].
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FIGURE A.2: Profile of anisotropy constant K.rr(¢q) with .F(’gff:3.5><106 erg/cm3,
1n=0.03, ¢s=0 nm, and ¢p=10 nm.

A.1.3 Thermal broadening

At finite temperatures, thermal fluctuations are known to induce normal distribu-

tions (Gaussians) of the initial position ¢ and magnetization angle ¢ of DW[92].
The distribution Gaussians can be derived as (see Fig. A.3a,b):

I ) M H ywt,, M H oWt Gigia
initial ) — — 0 o &
Qinitial T kBT p % k’BT

M, H ywt,, A M Hgwtm AV i
Z (Qinitial) = \| — =77 €X
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where w is the width of wire, t¢,, is the thickness of magnetic film, H. is the
propagation field, kp is the Boltzmann constant, ¢nitia and Viiria are the ini-
tial condition of DW position and azimuthal angle of magnetization, respectively.
Since the sample temperature T is proportional to the power applied to the
wire, T oc J? where J is the current density and we use T (J = 0)=300 K, and
T (J =2x10® A/em?)=500 K (see Fig. A.3c). The thermal broadening effect is
implemented in the Q2D model by meshing g;nitiai and ¥;pnitiar around giniziar = 0
and Y;niia = 0, calculating the results at each mesh point and then averaging

them weighted by the Gaussians as following:

_ Zu Xii P (Ginitiati) Z (Vinitiat ;)
Zi,j P (qim'tial,i) Z (¢in’itial,j)

where X = ¢, 1, and x. Note that the thermal effect makes difference only near

the critical current density since it plays a key role in depinning of DWs.

A.1.4 Non-uniform current distribution

When an electrical current is flowed along a metallic curved wire, the current
density is not uniform along the transverse direction to the wire. This happens
because (1) electrons, majority carriers in metals, would flow along the gradient of
electrical potential, that is, the arc direction, and consequently (2) the resistance
linearly increases with the increasing radius. For example, when a voltage V is
applied to one end of curved wire having thickness ¢, mid-radius R, width w, and

resistivity p while the other end is grounded (see Fig. A.4), the current dI that

flows along the cross section t;dr at radius r is dI = V;;fr. Hence the current
density J(r) at radius r is J (r) = tﬁr = wlp'r’ that is, J(r) oc 1. Hence the
Bis Bieyy, Vit
total current [ is I = [ dI = [ —tdr = —flog2“ Note that in a TR
pr T w

R-% R-%
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FIGURE A.3: Profile of normalized (a) P (qinitiar) and (b) Z (V¥initiar) with T=500K,
H, =20 Oe, gp=10 nm, A=5 nm, M;=580 Oe, w=2 pm, and ¢t=1 nm. (c) Plot of wire
temperature vs. current density J.
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long straight wire the total current [ is [ = :i)fg . The fact that log gg—fg >

leads to that I.yrve > Istraignt With given same length and voltage. Based on
this calculation, we have implemented the non-uniform current density in Q2D
model by setting Hsy (r) = ZHYy, where HY, is Hsy (r = R). We will derive
the Q2D equations of motion later and discuss the parameter H2;; in detail there.
Since the conventional volume spin transfer torque (V-STT) is significantly smaller
than spin-orbit torque in our system, we do not take the non-uniform current

distribution effect into account in V-STT.

J(r)

FIGURE A.4: Schematic of current distribution in curved wire with width w and mid-
radius R. A voltage V is applied on the left end while the right end is grounded.

A.1.5 Lagrangian and Equations of Motion

First, we formulate the Lagrangians that include the adiabatic and non-adiabatic
spin transfer torques, external field driven torques, the spin Hall current torque,
and the Dzyaloshinskii-Moriya exchange field. The equations of motion are then

derived by Lagrange-Rayleigh equations[93].

With the DW profile function (A.1), the Lagrangian £ in the curve wire that con-
tains the magnetostatic potential energy considering inhomogeneous anisotropy,

DW kinetic energy and adiabatic spin-transfer torque is given by
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//[ j—esmﬁ] dsdr

ZwA ¢l1+ 4R? 9 ¢+ w2 A?
A sec 1R sin Wi

2 — Us
+ ZwAKgff {1 — 7cos {%} } secC + wAM,Hycos® (1 — x) sec
0

F2MH,wq — mwAM H,cos (¢ — ¢g) secC — mwAMH pprcos (¢ — x) secC

2WM, .
(¢ +u)

(A.6)

Here the upper and lower signs correspond to the ®|® and ®|® domain magnetic
configurations, respectively. s is the coordinate position along the wire length
direction. FE is the magnetostatic energy density of domain wall per area and is

given by

2 — M.H
— AV + Kep|1— UCOSM } sin?f + STksin20 cos? (1 — x)
do

— MyH,cos0 — M H,sinf cos (¢ — y) — MsHpysing cos (1 — x)
(A7)

Eq. (A.6) can be rewritten as L=0+ [ [ [%Qﬁ@sin& “MngﬁdesmG ] dsdr where
the magnetostatic potential energy o = [ [ Edsdr. A is the exchange stiffness, Hy
is the magnitude of the in-plane anisotropy field derived from the shape anisotropy
of the DW that favors a Bloch DW configuration over that of a Néel wall, H, is
the out-of-plane field, H, and ¢y are the in-plane magnetic field and its angle
defined with respect to +2 direction. Hpys is the Dzyaloshinskii-Moriya inter-
action exchange field at the DW whose direction is always perpendicular to DW
length direction thus favoring Néel type wall but the sign depends on domain con-

figurations establishing the chirality of domain walls. The volume spin transfer
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torque from the current within magnetic layer is parameterized by = £&27

B, where
S

up is the Bohr magneton, e is the electron charge, P is the spin polarization of
the current and J is the current density in the magnetic layer. Note that o is a
function of DW position ¢, i.e. g—; # 0 and a finite pressure torque in curved wires,
which is distinct from the straight wire even in the absence of Zeeman exchange
field H,. This is due to the fact that the domain wall energy varies depending
on ¢ since e.g. the DW tilt angle ¢ changes as a function of ¢q. Meanwhile, the
dissipative function F that includes damping, non-adiabatic spin-transfer torque

and spin-orbit torque is given by

5

Ki _pud ) ™+ gﬂsm x ér} dsdr

2 2
= 27 { Zq {12]%25111( tan®C —|—cosC}
wgx . 2 2. 2 2 N2 002
+ 3RAS1HC tan( {w [sec ¢ RtanC] + 7w A%sec”( }
2 .
+ %]—zsecgg“ [wQ + 12 A%sin*¢ } + 2wAgz525ec§
A8)
2wy 2R+ w 2R+ w (
+— HSHcosqb { {tan ¢ (R10g2R_ —w) +Rlog2R_w ]

2R 4
+xRsec*¢ (Rlog tw )] +ﬂqwcosC

2R — al
Bu AR 2R+ w 2R+ w
:F_204 cos¢@ {q {Etan ¢ <R10g2R_ —w) +log2R_w ]}
2 4
+ xsec?C [ Rlog fitw —w ﬁu ¢sm2¢ secC log 2R+ w
2R—w 2R —w

Here again the upper and lower signs correspond the ®|® and ®|® domain mag-
netic configurations, respectively, [ is the non-adiabatic STT coefficient. The spin
Hall effect is parameterized by an effective field H2j; in the mid-wire that is given
by H2y = % where £ is 5=, h is Planck constant, Jyp is the current density

in the underlayer, ¢ is the thickness of magnetic layer, and 6y is the spin Hall
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angle (or the effective spin Hall angle that describes the magnitude of the spin
accumulation that the magnetic layer is subjected to). Note that the accumulated
spin from the spin Hall current is oriented along transverse to the wire length s,

i.e. the radial direction é,. The spin-orbit torque related term written in blue in

eq. (A.8) becomes ﬂ:%czw HYrgcosg when current distribution is uniform.

Based on Lagrangians £ and dissipated function F obtained above, the Lagrange-
Rayleigh equations % — % <%) + g—; =0 (X =gq, ¢, and x) finally lead to the

equations of motion as following;

2
o owt 5 -
aq(12R281nC tan”( 4+ cosC ) + A

o of 2. 2 2A200 20 |
+ 12Rxsm§ tan( [w (sec( Rtan(>+7r A“sec C} =+~vAH,

— Pucos( +

uA | mPuA 1, 2R +w 2R +w
?j: 1o CosQ {EtanC(Rlogﬂ%_w —w)+log2R_w}

A? 2 A
+ 5uR sin?¢ secC log Rt w — {sec({tanC [1
w

2R —w RM,
4R? o 2 A?
NS AT

4R?2 —w 3 4R?% — w?
AR? A2 0 i (q - qs)
——— — 1 ]sin2 — 2K 1-— D —
+ (4]%2 — w? )Sm ¢ } 2RM, [ eff{ nCOS{ qo } }

+ M Hj,cos? (1/1 — X) — My H,cos (1/1 — @Dp) — wMyHpprcos (¢ — X) ]sec( tanC

(-2

qo0

2mynA?
— Z—]ZsKgffsin{ }secg

o o 9 2R+w 2R+w
$2w7AHSHc05¢ [tan ¢ (RlogQR — w) + Rlog2R —
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(COSC + %) g+ aly =

A 2 A
—UuF BLsin%b log it w + 12 H;sin2| ¢ — x (A.10)
w 2R —w 2

+ mHpsin (¢ — @DH) + mHpysin (w - X) }

Y 2 20 24 2 N2 2
12Rqsm§ tan( [w <sec( Rtan()—i—w A“sec C]

12
7A 4R? 9 w2 A2
Mfec<{ta“< {” (m—l W IR e

4132 Y 2 2ff ( )
" _1])sin?2 4Vl 1 = - 7 ecC t
—i—( R )sm {} : { ncos[ ) } }s c( tang

_ PVA;H]C cos (1/1 — X) sec( |:COS (1/1 — X) tan{ + 2sin (@/} — X) ]

A*H A’H
+ %cos (7,0 — ¢H) secC tan( + WTTDMseC( {sin (@Z) — X)
yATRHS, 2R+w
2w 2R — v
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R—w

+ g)'gsec?’g (w2 + 72 A%sin?¢ )

+ cos (w — X) tan( ]$

A
+ W/fusecg (Rlog

cos¢ sec?C (Rlog

(A.11)

Here again the upper and lower signs correspond the ®|® and ®|® domain mag-

netic configurations, respectively. In case of uniform current distribution, the
spin-orbit torque related terms written in blue in egs. (A.9) and (A.11) become

qigvAHchosqﬁ and 0, respectively.
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When R — oo, the egs. (A.9)-(A.11) become

. . 21N A2 27 (q — gs
(A.12)
CcoSYs . : U ; T 1
X g = —eos F THisin2 (6 — ) % 2 Hysin (6 — )
A A 2 2 (A.13)

T .
+ EVHDMSIH (¥ —x)

i w\®
—aMA || — 2 2 =
67& s l(Aﬂ') sec”y + tan®y }X
2A :
A + 2K pp A+ M HRAsin| ¢ — x | + mMHpyAcos| ¢ — x tany
— H M Asin2 (¢ — X) + TAM H,sin (770 — 1Z1H) + tAM Hpyssin (w — X)

(A.14)

These eqs. (A.12)-(A.14) correspond to the equations of motion for straight

wires|[79].

Note that as for straight wire, the magnetostatic potential energy o does not
depend on ¢ so that the pressure torque driven DW velocity Vpressure = — 537 32 1S
zero in the absence of H, and periodic variation of anisotropy. However, in curve
wires o is a function of ¢ entirely due to curvature effect, i.e., Vpressure 7 0, even

when H, =0 and n = 0.

The parameters used for Q2D simulations are mostly based on our past work[36,
39] : A=5 nm, ¢,=50 ns, a=0.1, =0, n=0, K.;;=3.5x10° erg/cm3, H;=1,000
Oe, Hgy (J =14 x 108A/cm2):700 Oe, Hpp=1,000 Oe, M,=580 emu/cm3, H.
= 20 Oe, n = 0.03 and ¢; = 0 nm.
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