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preface

The significant advances in micro-fabrication techniques opened the door to access
interesting properties in solid state physics. With regard to magnetic materials, geo-
metrical confinement of magnetic structures alters the defining parameters that govern
magnetism. For example, development of single domain nano-pillars made from mag-
netic multilayers led to the discovery of electrical current controlled magnetization
switching, which revealed the existence of spin transfer torque.

Magnetic domain walls (DWs) are boundaries in magnetic materials that divide
regions with distinct magnetization directions. DWs play an important role in the
magnetization reversal processes of both bulk and thin film magnetic materials. The
motion of DW is conventionally controlled by magnetic fields. Recently, it has been
proposed that spin polarized current passed across the DW can also control the motion
of DWs. Current in most magnetic materials is spin-polarized, due to spin-dependent
scattering of the electrons, and thus can deliver spin angular momentum to the DW,
providing a ”spin transfer” torque on the DW which leads to DW motion. In addition,
owing to the development of micro-fabrication techniques, geometrical confinement
of magnetic materials enabled to create and manipulate a "single” DW in magnetic
nanostructures. New paradigms for DW-based devices are made possible by the direct
manipulation of DWs using spin polarized electrical current through spin transfer
torque.

This dissertation covers research on current induced DW motion in magnetic
nanowires. Fascinating effects arising from the interplay between DWs with spin

polarized current will be revealed.
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Chapter 1

Introduction

1.1 Magnetic domain walls

Magnetic domain walls (DWs)[1] are boundaries in magnetic materials that divide
regions with distinct magnetization directions. DWs play an important role in the
magnetization reversal processes of both bulk and thin film magnetic materials and
consequently have been intensively studied for many decades.

In the mid 1960s and 1970s, substantial research effort was conducted to under-
stand the physics of the motion of DWs in thin films, because DWs were considered
to be important for potential memory and logic devices. The materials that were
most extensively investigated were magnetic oxides, in particular, the orthoferrites
and ferrimagnetic garnets[2]. These materials are called "magnetic bubble” materials
because of the form of the magnetic domains that they form.

There was a substantial theoretical effort to describe and understand the dynam-
ics of magnetic bubble domains in the late 1960s [3, 4]. These theories were based on
the phenomenological Landau-Lifshitz (LL) or Landau-Lifshitz-Gilbert (LLG) equa-
tions. The agreement found between the theoretical predictions and descriptions of
the magnetization dynamics of magnetic bubbles and experimental results from that
period are remarkable. Indeed, the basis of DW dynamics was firmly established at
this time.

However, most of the bubble material based devices, particularly bubble memories,

1



2 CHAPTER 1. INTRODUCTION

either did not make it or did not survive long in the marketplace. This was partly
because other technologies, in particular commercially available hard disk drives and
other solid state memories, outpaced bubble memories both in performance and cost.
In addition, there were also some technical issues and limitations with bubble based
devices. Since most of these devices were based on the controlled motion of bubbles
using magnetic fields, electromagnets were needed to generate magnetic fields, which
required a lot of space. The other problem was the speed of operation. Since the
bubbles had to be moved to be written or to be read, the operational speed of such

devices was limited by how fast these bubbles could move.

The phenomenon of magnetization switching has been investigated intensively
over the past several decades, particularly with regard to storage device applica-
tions. The first prototype of magnetic random access memory (MRAM) used current
passing through metal wires to generate local magnetic fields to switch the magne-
tization direction of the targeted memory element which was arranged in a crosss-
point array[5]. The writing performance of this device (~2.5 ns) was limited by the
CMOS electronic circuit speed rather than any fundamental limitation of the mag-
netic switching process itself. Indeed, it has been shown that magnetic devices can
be switched very rapidly by tuning the magnetic field pulse length to the precession
frequency of the magnetic element. Using this approach a magnetization switching
time of less than 200 ps has been demonstrated [6, 7], although even shorter switch-
ing times, approximately one hundred times smaller, have been demonstrated using

sophisticated synchrotron based techniques [8, 9].

In modern MRAM devices, which are based on magnetic tunnel junction (MTJ)
storage elements, it is not the switching time that is a problem but rather the genera-
tion of sufficiently large magnetic fields without the need for excessive and impractical
currents. The field to switch such MRAM elements can be reduced by design of the
MTJ element but this can lead to poor thermal stability of such elements due to the
superparamagnetic effect. The thermal instability of these magnetic elements can be
improved by magnetic engineering, particularly by replacing the magnetic layers in
the MTJ device with anti-ferromagnetically coupled magnetic bilayers. The bilayers

have smaller net magnetic moments but allow for larger magnetic anisotropies of the
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component layers. When the storage layer is comprised of such a bilayer, the state
of this layer may be switched using a special sequence of magnetic fields, commonly
termed toggle mode switching [10, 11, 12]. This mode of switching is particularly
useful in stabilizing half-selected devices against thermal fluctuations but scaling of
this approach will not allow it to be used for devices beyond the 45 nm technology
node. More recently, current induced magnetization switching of MTJ devices has
been studied as an alternative to magnetic field induced switching and is generally
believed to have great potential for highly dense MRAM. This concept is discussed
in the following section in more detail.

Several other possible methods of switching magnetic nanodevices without the use
of magnetic fields have been reported. These methods include magneto-optical inter-
actions and electric field phenomena. For example, in ferrimagnetic oxides, magneti-
zation switching has been demonstrated using the inverse Faraday effect by shining
photons onto the magnetic layer [13, 14]. The switching speed is extremely fast - of
the order of few hundred femto-seconds - but the magnitude of the effect is typically
quite small. For details of such magneto-optical effects, see references [15, 16, 17].
By changing the carrier concentration in the ferromagnetic semiconductor (GaMnAs),
magnetization switching was achieved [18, 19]. Current induced domain wall motion

in this material has also been reported as will be discussed below.

1.1.1 Current induced domain wall motion

Current in most magnetic materials is spin-polarized due to spin-dependent scattering
of the electrons. In highly spin polarized materials, the direction of the conduction
electron spin can be assumed to be aligned with the direction of the local magnetic
moments at equilibrium. In Co and Ni the electron spin is aligned parallel with the
magnetization (majority spin direction) whereas in Fe the electron spin is aligned in
the opposite direction (minority spin direction)[20]. Thus, when an electron crosses
a DW, it changes its spin direction from the magnetization direction of the domain
where the electron originated to the magnetization direction of the domain which it

enters. The change in the electron spin direction can be regarded as a change in the
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angular momentum of the system. To conserve angular momentum, this change in
the angular momentum must be compensated by some other means. The concept of
spin transfer driven DW motion assumes that the change in this angular momentum
is compensated by motion of the DW. That is, the angular momentum that is trans-
ferred from the electrons causes a change in the direction of the local magnetization

moments, which results in DW motion.

This concept was first proposed by Berger in 1984 [21, 22]. Berger described
this as an exchange interaction between the electrons and the DW and performed a
number of experiments to study the effect of the current on DWs [23, 24, 25, 26, 27].
Microseconds long DC current pulses were applied to unpatterned NiFe thin films
and the motion of DWs was detected using the Faraday effect. Current densities of
10°—10® A/cm? were needed to observe DW motion, with DW displacements observed
of up to ~14 um.

All of the aforementioned works were carried out using relatively thick NiFe films
(sim100-800 nm). One of the difficulties in studying current induced DW motion
in thick NiFe films is that, in addition to the exchange interaction, other current
induced effects can take place that may cause DW motion. Eddy current and self-
field effects[27] become increasingly dominant as the film thickness is increased. In
addition, the presence of DWs can cause the current flow to be distorted by either
the normal or the anomalous Hall effect. These Hall effects generate a local magnetic
field that can cause DW motion. This effect was predicted by Berger [28, 29] as
a hydromagnetic domain drag and was confirmed experimentally in perpendicularly
magnetized CoGdAu films [30, 31]. Thicker films typically result in more complex
extended DW structures which may include, for example, Bloch lines, Bloch points
and cross tie walls. These different magnetic configurations complicate the DW mo-
tion, which may therefore be difficult to analyze. Furthermore, in extended films,
random pinning may cause the DWs to be distorted when driven by current and/or
field, which also affect the DW motion. Thus extended thick films are not the best
system to study the effect of current on DW motion. Nevertheless, these pioneering

studies of Berger et al. established the basic notion of current induced DW motion.

In 1996, Slonczewski predicted that a flow of spin polarized current can exert
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torque, or spin transfer torque, on magnetic moments and consequently can reverse
the magnetization direction[32]. This prediction was confirmed experimentally by
Tsoi et.al.[33] and by Myers et.al.[34] in point contact geometries in multilayer films.
Later, current induced magnetization reversal was also observed in a homogeneous
system where magnetic multilayers which were patterned into nanopillars with cross-
sections of the order of 100x 100 nm?[35]. In order to observe the spin transfer torque
effect, it is important to reduce the effect of the self field which is generated by the
current passing through the system. When the self field becomes too large it can
influence the direction of the magnetic moments so complicating the reversal process.
Since the self field increases with the size (radius) of the nanopillars it’s role can be
minimized by reducing the size of the nanopillars (or nanowires). Typically, nanopil-
lars need to be less than ~100 nm in diameter for the self-field to be smaller than
that of the current. Thus advances in micro-fabrication techniques are indispensable

to studies of current induced magnetic moment switching.

Partly triggered by the recent experiments on current induced magnetization re-
versal in spin-valve nanopillars, current induced domain wall motion has again at-
tracted interest, this time not in extended films but rather in magnetic nanowires.
The nanowires are typically formed from a soft magnetic material (e.g. permalloy,
Nig1Fe;9) and are patterned using modern lithographic techniques. Since the width
of permalloy nanowires can be made smaller than that of domain walls in permal-
loy, it is possible to create a single DW across the nanowire. In addition, since the
cross sectional area of the nanowire is reduced, self field and eddy current effects can
be minimized. Thus magnetic nanowires are ideal systems to study current induced

domain wall motion.

There have been a number of reports of the observation of current induced DWs in
magnetic nanowires. Nanowires patterned from single layer permalloy films are used
in most of these studies [36, 37, 38, 39, 40|, where the (critical) current density needed
to move the DW is reported to be ~ 5 x 107 — 5 x 108 A /cm?. Magnetic multilayers
exhibiting giant magnetoresistance (GMR) effects have also been used to study DW
motion in permalloy layers [41, 42], although in a much smaller number of studies.

Surprisingly, the critical current density has been reported to be orders of magnitude
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lower than in the single layer permalloy nanowires. It is not clear why this would be
the case. Other materials, including the ferromagnetic semiconductor GaMnAs[43],
electroplated Ni nanowires [44, 45], CoFe [46] and CoPt [47, 48] nanowires have also
been studied. The critical current density for GaMnAs is extremely low near its
Curie temperature (~90 K), typically of the order of ~ 10° — 105 A/cm?. This is
partly attributed to its much lower saturation magnetization compared to permalloy;
theory predicts that the critical current should be proportional to the saturation
magnetization if nothing else changes (e.g. the spin polarization of the electrical
current). However, the origin of such low critical current density is not clear, although

theoretical explications are under development[49].

Reports on the theoretical description of current induced DW motion [50, 51,
52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62] have increased since the recent interest in
experimental studies of the phenomenon in magnetic nanowires. The basic idea is
to extend the well established phenomenological Landau-Lifshitz (LL) or Landau-
Lifshitz-Gilbert (LLG) equations by incorporating additional terms that include the
spin transfer torque. The LL or LLG equations have been used to successfully account
for the field driven dynamics of domain walls. Details of these models are briefly
introduced in Chapter 2.2. Although all theories agree on the basic phenomenology
of the spin transfer torque, one problem that has not yet reached any consensus is
the manner by which damping is applied to this spin-torque term. Depending on how
damping is included in the LL or LLG equations, there can be an additional spin
transfer torque term, often termed the non-adiabatic spin transfer torque term. This
term strongly modifies the basic properties of current induced DW motion and thus,
its very existence, and, if it exists, its size and sign, are of considerable interest. One
of the objectives of the work is to study the size of the non-adiabatic spin transfer

torque term.

In addition to the current induced motion of DWs, the DW structure itself may
be distorted by the current via spin-transfer torque, as reported in Refs. [63, 64].
Large current densities may also result in the generation of domain walls (see Refs.
(65, 66]).
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Figure 1.1: Schematic illustration of the magnetic racetrack memory.

1.2 Magnetic Racetrack Memory

A number of innovative proposals have been reported which use domain walls (DWs)
in nanowires as information bits for memory|[67] or logic devices [68, 69, 70, 71].
Some of these concepts have roots in bubble devices developed several decades ago.
One of the objectives of this work is to demonstrate that DW based nanodevices are
viable. In particular, the potential of a memory shift register based on DWs called
the Magnetic Racetrack Memory|[67] is highly attractive since it has the capability of
not only replacing current silicon based memories but magnetic hard disk drives as
well. The basic operation of this racetrack memory is described here.

Figure 1.1 shows a schematic image of the racetrack memory. Magnetic wires are
created vertically above the surface of a substrate. Red and blue colors represent the
direction of the magnetization along the nanowire, i.e. the racetrack. The boundary

between the magnetic domains is the DW. Either the magnetic domain or the DW acts
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as the data bit. The data is read out from a read device, possibly a magnetic tunnel
junction, which is located near the substrate. A writing element, possibly a magnetic
nanowire containing a DW, may also be located in or near the substrate. In order to
write bits into the racetrack, a DW is passed through this lateral magnetic nanowire
(using current pulses). The DW is associated with a large localized magnetic stray
field. This stray field can be used to set the magnetization direction of the targeted

bit in the racetrack.

In order to either read or write one bit, the targeted bit has to be moved to
the reading or writing device, respectively. To do so, all the data bits, i.e. all the
DWs, have to be moved together under the influence of a single current pulse, so that
the targeted bit reaches the reading or writing element without disturbing the other
stored bits. This requires that all the DWs need to move in a synchronized fashion
with a single current pulse excitation. DWs are moved around the racetrack, in a
correlated fashion, with a sequence of current pulses through the spin transfer torque

effect. This is the prime motivation for the work described in this thesis.

1.2.1 Objective of this work

There are several important aspects that need to be addressed to make a viable
racetrack memory. The first, and perhaps the most critical issue, is to reduce the
critical current density to move the DWs along the magnetic nanowire. Currently,
the reported critical current densities are so high [36, 72, 38, 40] such that significant
Joule heating occurs during the current pulse application. Lower critical current
densities are also required for lower power consumption. A second important problem
is to understand the relationship between the DW velocity and the magnitude of the
current density. Not only are the number of reports on current driven DW velocities
limited, but the reported DW velocities are orders of magnitude lower [36, 38] than
those predicted theoretically. High DW velocities are required for fast operation speed
of the racetrack memory. Addressing these questions are the main objectives of this

work.
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1.3 This thesis

The following chapter describes the basic model of domain wall dynamics based on the
Landau-Lifshitz-Gilbert equation. The chapter starts from an introductory descrip-
tion of the spin transfer torque acting on domain walls. Then the one dimensional

model of DW dynamics, extended to include the spin transfer torque term, is derived.

Chapter 3 describes the experimental setup and methods used in this work. Since
the anisotropic magnetoresistance (AMR) effect is used to characterize the DWs in
the nanowires, a brief description of the AMR effect is first given. Followed by
the descriptions of the samples and the experimental setup, methods of injecting
domain walls into permalloy nanowires[73] are introduced. In particular, the local field
generation method, used throughout this work, will be described in detail. Finally,

definitions of the structures of the DWs that appear in this work are listed.

Since large current densities need to be passed through permalloy nanowires to
observe current DW induced motion, Chapter 4 describes the consequence of Joule
heating in such nanowires. Time resolved resistance measurements are used to char-
acterize the temperature increase in permalloy nanowires due to Joule heating as a

function of the nanowire thickness and width.

Chapter 5 describes the field and current induced depinning of domain walls from
artificially created pinning centers in permalloy nanowires[74]. Details of the char-
acterization method to measure injection, propagation, pinning and depinning of
domain walls using resistance measurements, are introduced in this chapter. The
threshold current needed to depin a DW from its pinning center is studied as a
function of the domain wall structure and its chirality, the pinning strength of the
pinning center, the current pulse length as well as the applied magnetic field. An os-
cillatory dependence of depinning[75] and transformation probability on the current
pulse length are reported. All of the experimental results are compared to the one
dimensional model of DW dynamics including spin transfer torque.

Chapter 6 describes measurements of domain wall velocity in permalloy nanowires.
Time resolved anisotropic magnetoresistance measurements are used to estimate the

field and/or current driven domain wall velocity[76]. Current driven domain wall
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velocities exceeding the rate of spin angular momentum transfer are reported[77].

Chapter 7 describes the dynamics of domain walls propagating along permalloy
nanowires. It is shown that the field-driven motion of domain walls is associated with
a periodic change in their chirality, due to the coherent precession of the propagating
domain wall. The frequency and phase of this domain wall precession can be tuned
by using a combination of magnetic field and current[78].

A brief summary of this work concludes this thesis.



Chapter 2

1D model

2.1 Landau-Lifshitz and Gilbert equation

The starting point of the 1D model is to use the phenomenological Landau-Lifshitz
(LL) or Gilbert (LLG)[79] equation. The LL equation reads

om

5y = i % Hogy +apemi x (7 x Hepy) (2.1)

and the Gilbert equation reads

omt om
E = —’}/m X ﬁeff + Oém X E (22)

where 77 is the unit vector representing the direction of the local magnetic moments,
ﬁef ¢ is the effective field, 7 is the gyromagnetic ratio and « is the Gilbert damping
constant[80]. The form of the effective field will be discussed in Section 2.3. In the
LL equation, ar; and v are the effective damping and the effective gyromagnetic

ratio, respectively. Although the forms are different, the Eqs. (2.1) and (2.2) are

equivalent[1] when ayy = 1%2 and v = 5 1(12 are assumed; the calculated responses

of m under any magnetic field excitations are the same.

11
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2.2 Spin transfer torque terms

The microscopic origins of the spin transfer torque are still under debate. Current
consensus is that there are at least two mechanisms that can cause DW motion
by current. The first one is to transfer angular momentum from the conduction
electrons to the localized magnetic moments, i.e. a concept similar to what was
originally proposed by Slonczewski[32] in magnetic multilayer systems. In this case,
it is assumed that when the electrons move across the DW, they adjust their spin
orientation adiabatically to the direction of the local moments while transferring
angular momentum to the DW. The form of this adiabatic spin transfer torque is
given[52] as

Toy=—u(j V)W (2.3)

where 7 is the unit vector representing the direction of the current flow and w is the

magnitude of this spin transfer torque. Note that u is in units of velocity.

The second mechanism, which is under debate, originates from the spatial mis-
tracking of the conduction electron spins and the local moments. When the con-
duction electron spin orientation does not follow the the spin direction of the local
moments, the electrons can be reflected from the local moments so changing its di-
rection of motion. This in turn can transfer linear momentum from the conduction
electrons to the local moments, which can also result in DW motion. This mechanism
is generally called the non-adiabatic spin transfer process, where the non-adiabaticity
represents the mistracking of the conduction electron spins and the local moments.

The form of this non-adiabatic spin transfer torque is given[52] as
Ts=pum x (7 -V)m (2.4)

where (3 represents the relative contribution of the non-adiabatic spin torque term to
the adiabatic spin torque term.

When the conduction electrons are reflected from the local moments due to the
mistracking, additional resistance arises [81, 82, 83|. This additional resistance, known

as the DW resistance, is also investigated in many systems [84, 85, 86, 87, 88, 89,



2.3. MODEL DESCRIPTION 13

90, 91, 92, 93]. Note that the DW resistance is typically orders of magnitude smaller
than the AMR effect in permalloy[87].

These two terms can be incorporated into either the LL or the Gilbert equation to
examine the response of the magnetization to the current excitations. However, when
the spin transfer torque terms are added, the two equations are no longer equivalent to
each other. In particular, the addition of the adiabatic spin transfer torque term to the
LL equation is equivalent to the addition of both the adiabatic and non-adiabatic spin
transfer torque terms to the Gilbert equation with 3 set equal to a. Microscopically,
whether the LL [55, 59] or the Gilbert [50, 51, 56, 52, 53, 54, 57, 61, 62] equation
should be used as the basic equation is still under investigation. See Ref. [94] for a
review of this discussions. Here we use the Gilbert equation as the basic equation to

study the two spin transfer torque terms.

2.3 Model description

The Gilbert (LLG) equation including the adiabatic and non-adiabatic spin torque

terms reads
m Ed —
—:—vmxﬁeﬁ—kamxﬁ—u(]-V)ﬁ—kﬁuﬁx(y-V)ﬁ (2.5)

where 777 and 7 are the unit vectors representing the direction of the local magnetic

moments and the current flow, respectively. The effective field is defined as ﬁef F=

1 dw
Ms s

magnetization. Note that 65“’ is a functional derivative of w with respect to 7. The

, where w is the total energy density of the system and Mg is the saturation

parameter u represents the magnitude of the spin transfer torque and is proportional

to the charge current density J and the spin polarization P of the current, i.e. u =

ppJP
eMg

magnetization.

, where pp is the Bohr magnetron, e the electron charge and Mg is the saturation

We now follow the procedure of [3] to deduce the equation of motion for a do-
main wall in a one dimensional (1D) system. When the spherical coordinate sys-

tems are employed, the direction of each magnetic moment can be expressed as
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Figure 2.1: Definition of the coordinate system used in the 1D model of the DW.

m = mi(r,y,2z) = (1,0(z,y,2),o(x,y,2)), where the dependence on the position
of the moments is explicitly given. Note that since 7 is a unit vector, its amplitude
is defined as 1. Definitions of the coordinate system are shown in Fig. 2.1. In a one
dimensional system, it is assumed that 777 is a function of one spatial coordinate, i.e.
m = mi(y) = (1,0(y), ¢(y)), where the y-axis is chosen to be the unique axis here.
In other words, 77 is constant in the x and z direction. The LLG equation in the

spherical coordinates then can be simplified and reads,

Hz—h?;—asinégb—ugz—ﬁusin(??; (2.6)
sinfy = ]\}s?; +af — usin@?yp + ﬁugz. (2.7)

This is a general form of the LLG equation, including the spin transfer torque
terms, in a one dimensional system. Note that in Eq. (2.6) and (2.7) the current flow
direction is defined to be in the y-direction and it is assumed to be homogenous. In
order to further simplify the model, the azimuthal angle ¢ of the moments is assumed
to be independent of position. The time dependence of both variables are derived, so
that 0 = 0(y,t) and ¢ = ¢(t). Thus the spatial derivatives of ¢ in Eq.(2.6)and (2.7)
vanish. The LLG equations (2.6)and (2.7) can be rearranged to show the functional

dependence of the energy density w on the moment direction,

00

ow MS 7)
dy

= (2.8)

(¢sinf — ad — fu
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?s;] - —]\/[Sjme(évLaésinQﬂLugz). (2.9)

The functional derivatives of w with respect to the moments’ direction in Egs.
(2.8) and (2.9) must be known to solve the partial differential equations. In order
to calculate the functional derivative, first the variables are changed, which explicitly

show that the changes in the moments’s direction occur where the DW is located.

The magnetization profile is thus assumed to be

(2.10)

p(t) = ¥(t). (2.11)

See Fig. 2.2 for illustration of the function 6(y,t). The newly introduced parameters
are the central position of the DW ¢(¢) and the averaged tilt angle of the DW, ().
This particular profile is used because of its mathematical convenience, as it will
become clear below. By carrying out this variable conversion, the spacial dependence
of the variables is now removed. Note that the spacial independence of the azimuthal

angle o is now explicitly shown by using a different variable 1 (t).

In order to remove the functional derivative, the areal energy density o = [wdy is
used instead of the volume energy density w. The change in the areal energy density

can be expressed using the functional derivatives,

do = /5wdy = / ((?;})56’ + (?;;})&0) dy. (2.12)

The integration limit is from -0o to co. Equations (2.8) and (2.8) can be substituted
into Eq.(2.12) to calculate this integral. In doing this, several useful expressions,

derived from Eq. (2.10), can be used to perform the integration more easily. The

spacial and time derivatives of 6 gives g—z = % and 6 = —qSiXH, respectively. In

addition, 00 = —(g—z)dq = —%dq and d¢p = di). Substituting these expressions into

the integral (2.12) gives

2Mg Oé(]' : ﬁu 2Ms
do — -5

A Ty e+ T(q — apA —u)dip. (2.13)
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Thus the functional derivatives of the energy density w can now be converted to

partial derivatives of the areal energy density o,

Or _ 2 ad ; pu
87q_ . (A—i—l/J A) (2.14)
gz = 2]\745@ — omﬂA —u). (2.15)

Rearranging Eq. (2.14) and (2.15 leads to the equation of motion of a DW in the one

dimensional system.

(1+a?)§ = —m[m(a—q) — a(%)] + (1 + aB)u (2.16)
o v . 0o o, do 0 —«

The remaining task is to compute the energy density o of the system. In general,
the energy of the system is expressed in terms of the volume energy density w using
f and ¢ to express the moments’ direction. It is easy to calculate w in a homogenous
system, however, the task gets very complicated when the variables 6 and ¢ exhibit
a nonlinear dependence on the spacial coordinates. To overcome this problem, we
again integrate the volume energy density to obtain the areal energy density, which
removes the spacial coordinate dependent variables. The volume energy density w
mainly consists of exchange, anisotropy, demagnetization and zeeman energy terms.

We define the y-axis as the easy axis. Each energy density can be expressed as

wex = A(VM)? (2.18)
wany = Ksin? 6 (2.19)

1
WDEMAG = 5@ M (2.20)
wzeeman = —M - Haxr (2.21)

Here A is the exchange constant, K is the uniaxial anisotropy energy, H, is the
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III

Figure 2.2: Illustration of the magnetization profile and the definition of the three
regions, I, II, IT used in the 1D model

demagnetization field and Hgxr is the applied external field. To proceed, we divide
the system into three regions by introducing fictitious boundaries as shown in Fig.
2.2. The three regions consist of two outer regions (I, III) where the magnetization
is homogeneous and a middle region (II) where the magnetization changes from -1 to
1, i.e. the region where the DW sits.We first compute the energy density in region II
wpw. Using the approximations, § = 0(y,t) and ¢ = ¢(t), wpw reads

00

1
Wpw = A(a—y)2 + K cos® 0 + §M§NZ sin? @sin® @ +winy . (2.22)

The Zeeman energy can be divided into two terms, i.e. contributions from the longitu-
dinal magnetic field -M-H 4 and from the transverse magnetic field, ~M- ﬁT. The
total Zeeman energy is expressed as whY === —MgH4cos — MgH?%sin 6 sinp —

Mg HF sin 0 cos .

Integrating wpy from ¢ — % to g+ % over y gives
2A 2 202 Z o3 T
Tpw = +2KA + M:N,Asin” 1 — n MsA(H7 siny + H7 cos). (2.23)

Note that the Zeeman energy contribution from the longitudinal component disap-
pears.
The energy density outside the DW (region I and III) w,, only contains the

Zeeman energy, since it is assumed to be a perfect single domain in which the moments
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point along the easy axis. The integration runs from -oco to ¢ — % and from ¢ + % to

o0o. Doing the integral exactly gives
Oout = —2qMgH 4 (2.24)
The total energy per unit area is thus
2A 2 .. 92 E T
Ttot = +2KA+ MZN, Asin® ¢ —nMsA(H7 sin + Hf cos) —2qMgH 4 (2.25)

In order to describe local pinning effects, a phenomenological pinning energy can be

added to Eq. (2.25). The following form of the pinning energy will be added to oy.
V¢

pin = —~9(lg| = d) (2.26)

where V' and d are the depth and width of the pinning potential and ¥(q) is a bidi-

rectional heaviside function.

We now have all the ingredients to construct the equation of motion for a DW in
a quasi-one dimensional wire. Taking the partial derivative of o;,; with respect to ¢
and ¢ and substituting them into Eq.(2.16) and (2.17) gives

1 1%
(1+a%)q = S7A(Hicsin 20 — mHy) + a7 (Ha — M—qd) Y (1+af)u  (2.27)
S
(14 a®)p = —iowy(HK sin2y — wHy) +v(Ha — de) _b A L (2.28)

where Hg=MgN,, Hr = Hjsiny + Hjcosiy and V is redefined to include the
heaviside function, V' = V1(|q|—d). This is the final form of the equation of motion for
a DW in a one dimensional system. In order to simplify the equation, non-dimensional

parameters are introduced. We first define the following parameters. wyx = %VH K,
z(x)

i VA — Z(w) — 1 Z(IL‘) — Wpin . wa 2(x) — WwWp
v = 4. The space and time coordinates are also normalized, z = %, z; = < and
Awk ) A0 A
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7 = -L. The equations of motion Eq.(2.27) and (2.28) are rewritten as

WK

(14 a®)i = a(a — pr + Bv) + (sin 2 + a, cos 21 + a sin 2 + v)

(1+ a2)¢ = (a — px + [v) + a(sin 2y + a, cos 29 + a, sin 2¢ + v)

2.4 Parameters in 1D model

19

(2.29)

(2.30)

For reference, a list of definitions of the parameters used with their descriptions are

shown.

Constants

~v: gyromagnetic ratio (1.76 x 107 Oe~1s71)
pp: Bohr magnetron (0.927 x 1072% erg/Oe)
e: electric charge (1.6 x 10712 C)

Material parameters

Hy: anisotropy field, see Fig. 2.4 (a)
A: DW width, see Fig. 2.4 (b)

Myg: saturation magnetization

a: Gilbert damping constant

wg: frequency corresponding to Hg, wxg = %'yH K

Parameters characterizing the pinning potential
V' depth of the parabolic pinning potential
d: width of the parabolic pinning potential

Wpin: frequency corresponding to pinning, wy, =

Wpin __ VA
WKk 2MgdHg

x4: normalized width of the pinning potential, x4 =

p: normalized pinning strength, p =

Dl

Parameters characterizing magnetic field

H 4: applied magnetic field along the nanowire
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wy: frequency corresponding to applied field, wa = vH 4

Ha

a: normalized applied field, a = :’—2 = 5i

Hr: applied transverse field

wr: frequency corresponding to transverse field, wr = %W'yHT
a®®): normalized transverse field, a*®) = j—; = %
Parameters characterizing current and spin transfer torque
J: current density

P: spin polarization of the current

_ pBJP
~ eMg

(: non-adiabatic spin transfer torque term

u: spin transfer torque term, u

u

v: normalized spin torque term, v = Row

Parameters characterizing the DW
q: position of the DW
x: normalized position of the DW, z =

: tilt angle of the DW
t

7: normalized lab time, 7 = o

q
A

Finally, a method using micromagnetic simulations to deduce Hx and A of a DW
in a magnetic nanowire is introduced. First, the magnetic field dependence of the
DW velocity, in the absence of current, is calculated. A typical DW velocity versus
magnetic field curve is shown in Fig. 2.3. Two parameters are extracted from this
curve. The low field slope of the curve is defined as the mobility p of the DW. The
field at which the velocity peaks is called the Walker breakdown field Hyyg. See Fig.
6.7, 6.10 and 6.11 for experimentally measured field dependences of the DW velocity.
From the Walker breakdown field and the mobility, the anisotropy field Hx and the
DW width A are obtained as

Hy = 2Hws (2.31)
[0
A= P (2.32)
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velocity
A

4 Field
HWB

Figure 2.3: Schematic illustration of typical DW velocity versus magnetic field curve.
The low field slope of the curve is defined as the mobility p of the DW. The field at
which the velocity peaks is called the Walker breakdown field Hy p.

The derivation of Eq. (2.31) is shown in Chapter 6 (see Eq. (6.17)). The definition
of A was first introduced by Thiele[95] and was later extended by Nakatani et.al.[96].
Note that A does not represent the physical size of the DW. See Ref. [97] and Ref. [98]
for the actual DW width in permalloy nanowires. Thus A is termed the dynamical
DW width to differentiate it from the actual DW width.

Calculated Hx and A are shown in Fig. 2.4 (a) and (b), respectively, for vortex
and transverse walls in 10 nm thick permalloy nanowire (see the third panels of
Fig. 5.4 (a,c) for the magnetic configuration of transverse walls and (b,d) for that of
vortex walls). The dynamic DW width A increases with the wire width for both DW
structures. However, note that the magnitudes are an order of magnitude smaller
that the actual wall width (typically of the order of the wire width). By contrast,
the dependence of the anisotropy field Hx on the wire width is different for the
two DW structures. Hpg increases when the wire width is increased for the vortex
walls, whereas it decreases for the transverse walls. Hy is significantly larger for the
transverse wall as the wire width is decreased. Discussions of these differences in
Hp for the two DW structures are reported in Ref. [75]. Note that the wire width

dependence of Hyx changes when the thickness is changed.
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Figure 2.4: Calculate anisotropy field Hx and the dynamic DW width A plotted
against the nanowire width in 10 nm thick permalloy nanowires. Hg and A are
calculated for both vortex and transverse walls. Micromagnetic simulations and Eq.
(2.31) and (2.32) are used to obtain these numbers.



Chapter 3

Experimental Description

3.1 Anisotropic magnetoresistance

The presence of magnetic domain walls (DW) in magnetic nanowires is detected
through measurements of their resistance. The detection scheme relies on the anisotropic
magnetoresistance (AMR) effect [99, 100, 101, 102, 103, 104]. The AMR effect is typ-
ically small (of the order of a few percent at room temperature) compared to the
giant magnetoresistance effect (GMR, up to ~20%)[105, 106, 107] or the tunneling
magnetoresistance (TMR, 50-500%)[108, 109, 110, 111, 112] effects. However, using
the AMR effect in single layer nanowires has several advantages over using the GMR
or TMR phenomena in multilayered nanowires. From AMR, the presence of a DW
can be directly measured through the resistance of the magnetic layer that carries
the DW, since the AMR effect is a bulk scattering phenomenon. By contrast, the
GMR and TMR effects require an additional reference magnetic layer in addition
to the nanowire layer in order to detect a DW, since these phenomena are largely
interface effects. Such a reference layer may well perturb the dynamics of the DW
motion through, for example, dipolar coupling[113], or exchange coupling[114, 115].
Moreover, some of the driving current may well be shunted through the additional
layers in the multilayer devices. The shunted current will likely generate Oersted
fields which may futher perturb the DW’s motion. One particular advantage of a

GMR structure, however, is that the resistance of the nanowire varies almost linearly

23
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with the position of the DW along the nanowire so that the position of the DW can be
directly determined. This is not the case with AMR which only detects the presence

of a DW indepenent of its position along the nanowire.

There are several other possible methods of detecting a DW in a nanowire. One
of these is the anomalous Hall effect which is a phenomenon exhibited by magnetic
materials. However, depending on its implementation, it makes most sense to use
a material whose magnetization easy axis points perpendicular to the nanowires’
surface[43, 47]. For in-plane and out-of-plane magnetized systems, a well designed
Hall bar may be used to detect the presence of a DW, but this requires a much more

complex microfabricated device.

For these reasons, the AMR effect was chosen to detect the presence of DWs in
permalloy nanowires. In order to obtain a reasonably large signal to noise ratio,
materials with large AMR effects would be preferred. The AMR effect is typically
large in Ni-based transition metal alloys[116, 117], with the largest AMR effects found
in the NiCo and NiFe binary alloy systems. We chose to study NigiFejg, the NiFe
composition with the largest AMR effect. Nig;Fejg has an advantage over NiCo alloys
since it exhibits nearly zero magnetostriction. Magnetostrictive materials may give
rise to magnetic irregularities in nanowires, such as random localized pinning sites,
through magneto-elastic effects since their magnetic properties are sensitive to local

strains or stresses which may develop in the nanowire during etching.

The AMR effect in Nig; Fejg (permalloy) is typically 1.5-2% (at room temperature).
The dependence of the resistance of a permalloy film on the relative angle (¢) between
the applied magnetic field and current direction is shown in Fig. 3.1 (b). Definitions
of the directions of current flow (I), magnetization (M) and applied magnetic field (H)
are shown in (a). The applied magnetic field is 500 Oe, large enough to saturate the
magnetization. Thus the magnetic field direction coincides with the magnetization
direction of the permalloy film. Here, zero degree indicates that the direction of the
applied magnetic field and that of the current is parallel. As evident from Fig. 3.1,
the device resistance reaches a minimum when the current flows perpendicular to the
magnetization direction which is typical in Ni-based binary alloy systems. This is

typical in Ni-based binary alloy systems. The device resistance scales with the angle
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Figure 3.1: (a) Definitions of the directions of current flow (I), magnetization (M)
and applied magnetic field (H). The angle ¢ stands for the relative angle between the

field and the current. (b) Dependence of the resistance of a 10 nm thick permalloy
film on the relative angle (¢) between the applied magnetic field and current direc-
tion. Illustrations of the magnetization configuration are shown at the top. Zero
degree indicates that the direction of the applied magnetic field and that of the cur-

rent is parallel. The applied magnetic field is 500 Oe, large enough to saturate the
magnetization.

© as
R =Ry — ARcos’ ¢. (3.1)

Thus, by measuring the device resistance, it is possible to infer the amount of mag-
netization that points perpendicular to the current flow direction. Details of the

correlation between the resistance and the magnetic configuration are reported in
Chapter 5.
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3.2 Setup and sample description

3.2.1 Sample description

Permalloy nanowires are formed from films of 0.5 Fe/10 AlO, /10 Nig; Fe19/0.5 TaN/5
Ru (units in nm), deposited by magnetron sputtering on highly resistive Si substrates
(~800 Q2cm) on which a thin native Si oxide layer will have formed. The AlO, layer is
used to provide a very smooth and clean template layer on which the NigyFeqg layer is
grown and is used to prevent silicide formation at the NiFe/Si interface. An ultra thin
Fe layer is inserted to prevent silicide formation at the interface with the substrate.
A thin Al layer is deposited on top of the Fe layer and a AlO, is then formed by
reactive dc magnetron sputtering of an Al target in an Ar-O, gas mixture. A 5 nm
Ru layer is used for the capping layer because its oxide is conducting although the
conductivity of the Ru oxide (RuO,) is poor. A conducting oxide is preferred since
most capping layers will oxidize and a low contact resistance with the subsequently
deposited/patterned contact lines (5 nm Ta/45 nm Rh) is needed. Ru adversely
affects the magnetic properties of permalloy so a 1 nm TaN is to used to separate the
NigiFej9 and Ru layers. The TaN layer is also important because it is an oxidation
barrier (even at elevated temperatures, which may be reached during subsequent
processing) and therefore protects the Nig;Fejg film from any oxidation.

Electron beam lithography and Ar ion etching are used to pattern 80-300 nm
wide nanowires. Electrical contacts to the nanowire are formed by patterning 5 nm
Ta/45 nm Rh film using electron beam lithography and Ar ion etching. The electrical
contacts consist of large contact pads (150x100 pm) connected to the nanowire via
a 500 nm wide line. A ground plane, also patterned from the same 5 nm Ta/45 nm
Au film, surrounds the device. This ground plane acts as a noise shield and is also
used when high frequency probes are used to contact the device.

Various nanowires were fabricated which can be categorized into two shapes,
straight nanowires or nanowires with two straight arms connected to each other at
right angles via a quarter circle whose radius is 3 pm (see Fig. 3.2). Both ends of
these arms or the straight line are tapered to a sharp point to prevent nucleation of

DWs from the ends of the nanowire and to assist annihilation of any DW that enters
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this region.

3.2.2 Experimental setup

All of the measurements are performed in a probe-station (Desert cryogenics, 6-axis
tabletop, variable temperature down to 4.2 K) at room temperature. Small homemade
electromagnets are introduced into the probe-station to generate magnetic fields up
to ~400 Oe. High frequency probes are used to make contact to the devices. The
probes have bandwidth of either de-5 GHz (Desert Cryogenics, Z50 probes) or dc-40
GHz (GGB Industries, customized probes designed for the probestation). Resistance
of the device is measured by a two-point probe technique. A dc voltmeter (Keithley
model 2002) and dc current source-meter (Keithley model 6430) are connected in
parallel to the device to measure the resistance. In order to inject current pulses into
the device, a constant voltage pulse generator (Picosecond Pulse Labs, model 10075A
or 10300B) is used. Bias tees (Picosecond Pulse Labs, model 5547A, 5540B) and dc

blocks (Inmet, model 8038) are used as required.

3.3 DW Injection

By fabricating magnetic nanostructures with widths and thicknesses comparable to
magnetic domain wall widths, it is possible to inject and manipulate a single domain
wall (DW) in such devices. In particular, in soft magnetic materials, where the domain
configurations are predominantly determined by the shape of the device, manipulation
of DWs can be carried out by applying suitable sequences of magnetic fields. In this
chapter, various methods of injecting a DW into magnetic nanowires are introduced.
In particular, the local field generation method, which is used throughout this work,

will be discussed in detail in this section.

3.3.1 Injection using magnetic fields

Injecting a DW into a magnetic nanostructure or a nanowire is accomplished by

reversing the magnetization direction locally in a portion of the structure. In soft
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magnetic materials, this can be achieved by using suitable structures and by applying
an appropriate field sequence. Two examples of using a magnetic field sequence to

inject a DW into a nanowire are discussed.

As a first example, Fig. 3.2 shows an scanning electron microscopy (SEM) image
of a permalloy nanowire with two perpendicular arms connected via a curved region.
The magnetization configuration of the nanowire is shown in the figure by blue and
red arrows representing moment locally aligned along or against the direction of the
nanowire. In Fig. 3.2 (a), the magnetization of the nanowire is aligned in the same
direction all along the length of the nanowire. When a magnetic field is applied at
an angle to each of the arms of the nanowire, as shown in Fig. 3.2 (b), the mag-
netization of the horizontal arm, in this case, becomes energetically unstable and
eventually reverses its direction as shown in the figure. Note that the magnetic mo-
ment directions in the nanowire arms, at any given point in time, are determined by
the relative strengths of the applied field and the demagnetizing field of the nanowire.
Thus the moment direction will not lie exactly along the nanowire’s length (as shown
in the figure). Moreover, there will be a threshold field at which the magnetization
of the horizontal arm switches its direction, whose strength will be determined by
the saturation magnetization and crystalline anisotropy of the nanowire and the de-
magnetizing field of the nanowire (which is determined by the width and thickness
of the nanowire). Consequently, when the magnetization direction switches in the
horizontal arm, a 180 degree DW is formed in the curved portion of the nanowire (as
indicated by a white bar in the figure). When the magnetic field is decreased to zero,
due to the magnetic hysteresis of the nanowire, the DW remains in the nanowire.

Thus, by using this field sequence, a DW is created or "injected” into the nanowire.

Another example is shown in Fig. 3.3, where a SEM image (far left) and a series
of Photo Emission Electron Microscopy (PEEM) images of the permalloy element are
shown. The permalloy element consists of a vertical arm with an elliptical injection
pad attached to it. An artificial patterned defect (a notch) is fabricated in the middle
of the permalloy arm. The contrast of the PEEM images reflects the magnetization
direction. In these images, black and white contrast corresponds to local magnetic

moments pointing up and down, respectively. Grey contrast represents magnetization
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Figure 3.2: Illustration of a process where a DW is injected at the 90 degree corner
of the nanowire using appropriate field application sequence. The colored arrows
indicate the magnetization direction of the nanowire. The white line represent a HH
DW.

Figure 3.3: PEEM images of a permalloy nanowire after magnetic fields, listed at the
bottom of each image, are applied. The images are taken at zero magnetic field. The
black-white contrast reflects the magnetization component along the wire axis. The
arrows indicate the direction of the magnetization.
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pointing either horizontally (left or right) or zero net magnetization (averaged over the
spatial resolution of the PEEM). The definition of positive applied field is indicated
at the bottom left of the figure.

A DW is injected into the vertical arm by first, applying a large positive mag-
netic field to set the magnetization direction of the whole permalloy element in one
direction. Then the direction of the field is reversed to the values shown at the bot-
tom of the images. Subsequently, the field is reduced to zero and the PEEM images
are taken. Fig. 3.3 (b) show the PEEM image where the element is homogeneously
magnetized. When a small negative field is applied (c-e), the magnetization direction
inside the pad changes; a vortex DW structure is created in the pad. Although it is
difficult to see, a 90 degree DW is formed at the interface between the pad and the
arm. A further increase in the field in the negative direction does not change the con-
figuration until at -60 Oe the white contrast region extends into the arm. The white
contrast region ends where the patterned defect is located. The transition between
the white and black contrast regions, located in the arm, represents the DW. Again,
by using a suitable field sequence, a DW is injected into the nanowire. A further
increase in the magnetic field results in an extension of the white contrast region, in

which the DW is erased and the permalloy element is fully magnetized.

3.3.2 Local field generation method

As stated before, DW injection is to reverse the magnetization direction locally. In-
stead of using geometrical irregularities of the magnetic material to inject a DW,
one can simply apply a local magnetic field, large enough, to change the magnetiza-
tion direction locally. From Maxwell’s equation, magnetic fields are generated when
a current passes through a conducting wire. The larger the current, the larger the
magnetic field. By reducing the size of the conducting wire, it is possible to generate
localized magnetic field around the wire. We use this concept to inject DWs into
permalloy nanowires.

Figure 3.4 shows a scanning electron microscopy (SEM) image of the device with

the experimental setup laid on top of it. The horizontal line is the permalloy nanowire.
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The two vertical lines A and B are the contact lines to the nanowire made of 5 nm
Ta/45 nm Rh. Note that these two lines are connected to each other via the permalloy
nanowire. The width of the contact line is set to 500 nm and the resistance (from

one end to the other) is ~80-85 (2.

Current is passed through line A to generate localized magnetic field around the
line. In order to generate maximum possible field, one needs to pass high amplitude
current through the line. However, higher currents may result in Joule heating or
electro-migration, which can significantly damage the sample. Thus to avoid these
effects, we use current pulses to minimize the power delivered to the line. In addi-
tion, using current pulses to generate magnetic field provides a control of timing the
magnetic field application, which is impossible to do when electro-magnets are used.
In other words, one can control the timing of DW injection within the precision of

less than a nanosecond.

A constant voltage pulse generator (Picosecond pulse labs, model 10300B (250 ps
rise time) or model 10075A (75 ps rise time)) is connected to one end of line A. The
input impedance of the pulse generator is nominally 50 €2. The other end of line A
is connected to a 50 {2 termination to avoid any multiple reflections of the injected

pulse.

The voltage pulse injected from line A can be regarded as a current pulse as long
as the resistance of the line does not change over the pulse application period. In

Chapter 4, the Joule heating effects are investigated.

Using Biot-Savart’s law, one can calculate the magnetic field generated by a cur-
rent passing through a conducting wire, whose thickness and width is defined as ¢
and wy. The Y and Z component of the magnetic field at point (Y, Z) is expressed
as[118§]

J
By = B2 [F(X+H;L,Z+tL) — F(X+ 5, 2) + F(-X + 25, Z 4 1) = F(-X + 2L, 2)
(3.2)
poJ

2
(3.3)

_{G<X+u;L’ZHL)_G(XJFwL’Z)—G(—XJrU;L,ZHL)+G(—X+U;L,Z)
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Figure 3.4: (a) Scanning electron microscopy image of a permalloy nanowire (hor-
izontal) and its electrical contacts (vertical lines). A schematic illustration of the
experimental setup is overlaid on the image. (b) Cross sectional image of the device
shown in (a). The arrows show the direction of the local magnetic field generated
when a current pulse is passed through line A. A schematic of the local magnetic field
is shown at the bottom.

Note that Bx and By are in units of Tesla. The coordinates X represents the hori-
zontal distance from the center of the line, whereas Z represents the vertical distance
from the bottom edge of the slab (see Fig. 3.5 for the definitions). Functions F(z, z)
and G(z, z) are defined as

1
F(z,2) =2 arctan(z) + ixlog{x2 + 2%} (3.4)
z

G(z,z) = —2z+2x arctan(z) + zlog(x® + 2%) (3.5)
T

Calculated magnetic fields using Eq. (3.2) and (3.3) are shown in Fig. 3.6 for
fields (a) along the nanowire (Hy) and (b) perpendicular to the nanowire (Hy).
Both fields are plotted for three different positions at the Z-axis. The distance in the
vertical direction is measured from the bottom edge of the line. The amplitude of
the voltage pulse is set to 2 V, which corresponds to a current density of 0.96 x 108

A/cm? flowing through the line. It is clear that the magnetic field along the nanowire
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Figure 3.5: Coordinates of the system and definition of the directions of the local
magnetic field generated around line A.
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Figure 3.6: (a) X and (b) Z component of the calculated magnetic field plotted against
the position along the nanowire. Fields are calculated at three different heights (along
Z). The vertical dotted lines represent the edges of line A.
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Figure 3.7: (a) X component of the calculated magnetic field plotted against the
position along the nanowire. The amplitude of the input voltage pulse is varied. (b)
Expanded image of (a), where the tail of the magnetic field near the edge of line A
are shown. The vertical dotted lines represent the edges of line A.

(Hx) is confined to the width of the line. The perpendicular field takes its maximum
value at each edge of the line. As the vertical distance from the line increases, the

field profile near the line edges become more rounded.

The dependence of Hx on the amplitude of the injected pulse voltage is shown in
Fig. 3.7 (a). The maximum field at the center of the line linearly increases with the
voltage amplitude. To illustrate the confinement of the magnetic field, the vertical
scale in Fig. 3.6 (a) is expanded and are replotted in Fig. 3.7 (b). Even at the
maximum voltage amplitude, it takes only ~500 nm from the edge of the line to

reduce the magnetic field below 5 Oe.

A simple model is used to estimate the magnitude of the magnetic field needed to
reverse the magnetization direction in magnetic nanowires. In order to locally reverse
the magnetization direction, two different processes can be considered, i.e. domain
wall nucleation and propagation, or magnetization rotation. The former can be a
complicated process since it involves random nucleations. Here the latter model is
employed, where the local moments are assumed to rotate coherently. Figure 3.8 (a-
c) illustrates this process. As the localized field is generated, the magnetic moments
under the line rotate from one direction (a) to the other (c) via a configuration where
the magnetization points perpendicular to the wire’s long axis (b). Since the nanowire

is thin, it is assumed that the rotation occurs in plane.
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Figure 3.8: Schematic illustration of the local magnetization reversal process. The
colors, red and blue, show the magnetization direction of the permalloy nanowire.
The gray line on top of the permalloy nanowire is line A, through which the current
pulse is passed. t and w correspond to the thickness and width of the permalloy
nanowire. The definition of the coordinates x, y, z are shown together.
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Figure 3.9: Calculated minimum fields required to the reverse the magnetization of
a permalloy slab, plotted against the width and thickness of the slab. The length of
the slab is set to 500 nm.
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The Zeeman energy from the local magnetic field must overcome the energy needed
to rotate the magnetization perpendicular to the wire’s long direction. The energy

difference AE between configuration (a) and (b) is
1
AE:§M-H§V—M-ﬁV (3.6)

where M is the magnetization, H is the applied local field, ﬁd is the demag field and
V' is the volume of the portion where the reversal occurs. When the rotation occurs

in the nanowire’s plane, the demag field can be expressed as
Hy = N,Mj (3.7)

where IV, and ¢ are the demag factor and a unit vector along the y-direction, respec-
tively. The volume where the reversal occurs is defined as V = twwy. Substituting
these values into Eq. (3.6) and setting AE = 0 gives the field (Hy) needed to reverse
the magnetization locally,

Hy = ; M (3.8)
The demagnetization factor NN, can be calculated for a rectangular slab[119]. The
values of Hy for permalloy nanowires (Mg=800 Oe) are plotted in Fig. 3.9 as a
function of the nanowire width for different permalloy thicknesses. As the aspect
ratio of the nanowire cross section (t/w) decreases, Hy becomes larger. Realistically,
~1000 Oe is the limit of generating local magnetic fields using current pulses, so
apparently this method does not work for certain nanowires. However, note that for
larger nanowires, the DW nucleation and propagation process dominates the reversal

process, thus Hy may be reduced than that shown in Fig. 3.9.

3.4 Types of DWs in permalloy nanowires

Finally, typical domain wall structures that exist in permalloy nanowires used in this
work are shown in Fig. 3.10. From the permalloy film thickness (10 nm) used here,

only Neel walls can exist[1]. In addition, due to the lateral confinement in patterned
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Figure 3.10: Images from micromagnetic simulations showing the transverse and
vortex DW structures. The element size is 1700 nmx330 nm. (a) and (b) show
transverse walls, whereas (c¢) and (d) show vortex walls. (a, ¢) show head to head

DWs, whereas (b, d) show tail to tail DWs.

nanowires, the structure of DW can be generally divided into two types, transverse
walls (a, b) and vortex walls (¢, d). Other DW structures can be observed when the
lateral dimension becomes larger (typically larger than ~600 nm in 10 nm thick films).
As shown in Fig. 3.10 (a, c¢), when the magnetization direction of the neighboring
domains point to each other, the formed DW will be referred as a head to head (HH)
DW . The opposite case (b, d) will be referred as a tail to tail (TT) DW . Although HH
and TT DWs are essentially the same DW, their motion is different upon magnetic
field application. For example, when a positive magnetic field (pointing towards right
in Fig. 3.10, HH DWs will move to the right, whereas T'T DWs move to the left. By
contrast, note that when spin polarized currents are used to move the DW via spin
transfer torque, both HH and TT DWs move in the same direction, i.e. along the

electron flow direction.

Note that for the vortex walls, the chirality of the HH and TT DWs are opposite.
The chirality of the vortex wall is defined as the rotation direction of the magnetization
within the DW. For the images shown in Fig. 3.10, (c) is clockwise and (d) is anti-
clockwise. The chirality of the transverse DWs can also be defined. Here the chirality
of the transverse wall is defined as the rotation direction of the magnetization followed
along the nanowire from the left domain to the right domain via the DW. Thus for

the images shown in Fig. 3.10, both (a) and (b) are anti-clockwise transverse DWs.

A phase diagram of stable DW structures plotted against the nanowire width and
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Figure 3.11: Calculated phase diagram, showing the stable DW structure in permalloy
strips, from McMichael et.al.

film thickness were calculated by McMichael et.al.[97] using micromagnetic simula-

tions and later on redefined by Nakatani et.al.[96]. Figure 3.11 shows the calculated

phase diagram for permalloy nanowires from McMichael et.al.[97]. Neudecker et.al.

used a magnetic imaging technique to experimentally obtain the phase diagram[120],

however their observations were different from the above calculations. They pointed

out that depending on how the DW is injected into the nanowire, the accessible DW

structure changes. Thus the phase diagram they obtained do not represent the most

stable DW structures, but rather the most accessible DW structures.



Chapter 4

Joule heating measurements

4.1 Introduction

Since current pulses are used to move domain walls (DW), Joule heating may occur at
high current density. Various properties of magnetic material depend on temperature,
thus it is important to know the temperature of the device to understand the essential

contribution of the current pulses to the DW dynamics.

4.2 Experimental setup

The test device is 10-40 nm thick 4 pum long permalloy nanowires with its width
varying from 80-300 nm. The nanowire is electrically connected to the contact pads,
which are 100x 150 um large and made from 5 nm Ta/45 nm Rh, via a 500 nm wide
contact line, also made from 5 nm Ta/45 nm Rh.

The experimental setup of measuring the Joule heating effect is shown in Fig. 4.1.
A pulse generator (Picosecond Pulse Labs, model 10300B) is connected to contact
line A. A sampling oscilloscope (HP54121A-54120B, 12 GHz bandwidth) is connected
to line B. Broad bandwidth probes (GGB Industries, Picoprobe, dc-40 GHz) are used
to make contact to the devices. A 100 ns long voltage pulse is generated from the
pulse generator at a duty cycle of 1 kHz. The amplitude of the voltage pulse is varied
from 0.1 V to 3.5 V. The sampling oscilloscope is triggered by the pulse generator’s

39
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Figure 4.1: Scanning electron microscopy image of a permalloy nanowire (horizontal)
and its electrical contacts (vertical lines). A schematic illustration of the time-resolved
resistance measurement setup is overlaid on the image.

trigger output. The scope samples 500 points (0.24 ns spacing) for each trace and

takes 128 traces for averaging to obtain an adequate signal to noise ratio.

4.3 Estimation of resistance increase

The voltage pulse transmitted through the device is first measured using the sampling
oscilloscope. The measured voltage pulse Vr is then normalized to the amplitude of
the injected voltage pulse Viy to obtain the transmission coefficient T' = Vi /Viy.
Figure 4.2 (a) and (b) show the measured transmission coefficient for 10 nm and 40
nm thick permalloy nanowire, respectively. The width of the nanowire is 300 nm.
The amplitudes of the input voltage are shown at the right side of each figure. Since
the resistance of the device is higher for the 10 nm thick nanowire, the transmission
coefficient is smaller compared to the 40 nm thick nanowires. For both thicknesses, the
transmission coefficient decreases when the amplitude of the input voltage increases.
This indicates that the device resistance increases when the amplitude is increased,
likely due to Joule heating.

Using simple circuit theory, the transmission coefficient can be estimated as

Vr 2

T pr— p—
Vin  Zpur + 22

(4.1)

where Zpyr is the device impedance and Z (=50 ) is the characteristic impedance
of the transmission line. Since the device impedance is dominated by the nanowire

resistance, we ignore parasitic inductances and capacitances of the device and assume
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Figure 4.2: Transmission coefficients (a,b), estimated resistance (c,d) and calculated
current density (e,f) of 10 nm (left panels) and 40 nm (right panels) thick 300 nm
wide permalloy nanowires. The amplitudes of the input voltage pulse are shown on

the right of each panel.
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Zpur = Rp + 2Rc = R, where Rp is the resistance of section A-B of the nanowire,
R¢ is the resistance of the contact line (from the pad to the intersection with the
nanowire) and R is the total device resistance (see Fig. 6.1 (a) for the definitions of

Rp and R, although they are not used in this chapter).

We first assume that Joule heating is negligible at the lowest pulse amplitude and
take the transmission coefficient at this voltage as a reference, defined as 7°(0). The
difference between T'(0) and the transmission coefficient 7'(V') when a voltage pulse
with height V' is injected is calculated, i.e. AT =T(0)—T(V). The device resistance
R(V,t) when a voltage pulse of height V' is injected into the nanowire can then be
estimated from AV using the following relationship.

=220 R(0) + 2Z,AT

R(V, t) _ R(0)+2Zo

27,
R(O)-i-OQZo — AT

(4.2)

where R(0) is the device resistance without any Joule heating, i.e. the resistance
at room temperature. It is convenient to work with a normalized resistance value
since the conversion from resistance to temperature can be done directly. Thus the
estimated device resistance are normalized to the room temperature resistance to
define

R,.(V,t) = R(V,t)/R(0). (4.3)

Calculated values of R, (V,t) are shown in Fig. 4.1 (c¢) and (d) for 10 nm and 40 nm
thick nanowires, respectively. Since the device resistance depends on the time, the
time dependence are explicitly written in R, (V,t) and R(V,t). Note that R, (V,t) =1
corresponds to no Joule heating. As the amplitude of the input voltage is increased,
the device resistance nearly doubles in the 40 nm thick nanowire. Since the device
resistance changes as a function of time, the current that flows into the nanowire is
not constant. The current that flows into the device Ip can be calculated from R(V,t)

as
2Vin

T - ~iN
p(V:?) R(V,t) + 22,

(4.4)

The current density J = Ip(V,t)/wt that flows in the nanowire is plotted in Fig. 4.1

(e) and (f) for 10 nm and 40 nm thick nanowires, respectively. The current density



4.3. ESTIMATION OF RESISTANCE INCREASE 43

drops in the first tens of nanoseconds when the Joule heating becomes significant.

In order to obtain a expression that systematically describes the Joule heating, we
separate the resistance increase to a time dependent term and a voltage dependent

term. Two quantities R, (V) and f(¢) are defined as

Ru(V) = f(t)Ra(V) (4.5)
Ro(V) = RV tyorm) (4.7

where t,,,, is an arbitrary pulse length. Here, ¢,,,,.,, = 10 ns is used. By definition,
R, (V) is time independent. To show that the separation is valid, f(f) must be
independent of the pulse amplitude. Figure 4.3 (a) shows the calculated f(¢) at
different amplitudes of the input voltage pulses. Clearly, the form of f(t) does not
depend on the pulse amplitude. It is useful to obtain an analytical formula for f(¢).

From the form of Fig. 4.3 (a), we use the following expression,

t
—;) + at +b. (4.8)

f(t) = Aexp(
The fitted curve is shown in Fig. 4.3 (a) as a red dashed line. The agreement

between Eq. 4.8 and the data is good. In Fig. 4.3 (b), R, (V) is plotted as a function
of amplitude of the voltage pulse. The solid line is a fit to

R,(V)=1+aV? (4.9)

where « is a fitting constant. The dependence of R, (V') on the amplitude of the volt-
age pulse is parabolic, consistent with Joule heating. Consequently, the normalized
device resistance R,(V,t) can be estimated using Eq. (4.8) and (4.9) after a time ¢
when a voltage pulse of height V' is injected.
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Figure 4.3: (a) Function f(t) of 10 nm thick 300 nm wide permalloy nanowire, calcu-
lated from the plots shown in Fig. 4.1 (c¢). The amplitudes of the input voltage pulse
are shown on the right of each panel. The red dashed line is a fit to the data using
Eq. (4.8). (b) Normalized resistance value (at 10 ns of the pulse) of 10 nm thick 300
nm wide permalloy nanowire plotted against the input voltage. The resistance values
are taken from data shown in Fig. 4.1 (c¢). The solid line is a fit to the data using
Eq. (4.9).
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Figure 4.4: Resistance of (a) 10 nm and (b) 40 nm thick permalloy film, normalized
to their room temperature resistance. The solid lines are linear fits to the data. The
red colored data points are excluded from the fitting.

4.4 Resistance vs temperature in permalloy

To convert the estimated resistance into temperature, the temperature dependencies
of the resistance in permalloy films are measured. Resistance measurements are con-
ducted on films of 3 Ta/x NigiFeig/1 Ta/5 Ru deposited on Si/25 SiOx substrates.
Units are in nanometers and x (x=10, 20, 40, 60, 80) represents the thickness of
the permalloy layer. Four point probe resistance measurements are performed in a
vacuumed anneal furnace. The temperature increment is set to 25 K. The maximum
furnace temperature goes up to ~600 K. The temperature is increased at rate of ~1
K/min, and 15 min of waiting time is introduced before each resistance measure-
ment. A magnetic field of 4000 Oe is applied throughout the annealing process. The

obtained resistance is normalized to the resistance at room temperature to obtain

R.(T) = R(T)/R(T = 293K). (4.10)

Figure 4.4 shows the temperature dependence of the normalized resistance mea-

sured for (a) 10 nm and (b) 40 nm thick permalloy films. The resistance shows a
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Figure 4.5: The slope of normalized resistance versus temperature plotted against the
thickness of permalloy films.

thickness (nm) 10
10 0.00145+2.1E-5 0.571+0.0082
20 0.00225+1.8E-5 0.359+0.0082
40 0.00280+6.1E-5 0.172+0.0277
60 0.00318+2.1E-5 0.048+0.0085
80 0.00329+1.8E-5 0.016+0.0075

Table 4.1: The slope v and the offset § of normalized resistance versus temperature
are shown for various thicknesses of permalloy films.

linear dependence on the temperature and is fitted to a linear function
R.(T)=~T + 4. (4.11)

The fit is shown as a solid line and the fitting parameters are listed on the bottom right
corner in each figure. The red circles in each figure represent irreversible resistance
change due to diffusion or oxidation of the permalloy film. These data are excluded
from the fitting. The slope v of the normalized resistance versus temperature curve
is plotted as a function of film thickness in Fig. 4.5. The slope saturates as the film
thickness is increased. A complete list of the fitting parameters v and § are shown in
Table 4.1.
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Figure 4.6: Normalized resistance value of (a) 10 nm and (b) 40 nm thick, 300 nm
wide permalloy nanowires plotted against the input voltage. The resistance values at
various time are plotted. The data are taken from that shown in Fig. 4.2 (¢) and
(d). The solid lines are fits to the data using Eq. (4.9). Estimated temperature of
the nanowire are shown at the right axis.

4.5 Joule heating in permalloy nanowires

Equipped with all these formulas, the device temperature can be estimated by using
Eq. (4.5), (4.8), (4.9) and (4.11). As an example, the estimated nanowire temperature
is plotted as a function of the pulse amplitude in Fig. 4.6 (right axis) for (a) 10 nm
and (b) 40 nm thick permalloy nanowires. Symbols represent the temperature at
selected time. The temperature increases up to ~700-750 K at the maximum pulse
amplitude at 50 ns. It is interesting to note that the temperature increases rapidly
and tends to saturate for the 10 nm thick nanowire, whereas for the 40 nm thick

nanowire, the increase is evenly divided in time and does not seem to saturate.

Next, the nanowire width dependence of the Joule heating is studied. Fig. 4.7
and Fig. 4.8 show the calculated (a) f(¢) and (b) R,(V) at 10 ns for 10 nm and 40
nm thick nanowire, respectively. The width of the nanowire varies from 80-100 nm.
Since f(t) does not depend on the pulse amplitude (see Fig. 4.3 (a)), representative
curves when 2.0 V voltage pulse is applied are shown. For the 10 nm thick nanowire,
f(t) shows nearly no dependence on the nanowire width. On the contrary, for the 40

nm thick nanowire, the rise time of f(¢) increases when the width is increased. In
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Figure 4.7: Nanowire width dependencies of the function f(t) (a) and the normalized
resistance at 10 ns (b) are shown for 10 nm thick permalloy nanowires. Estimated
temperature of the nanowire are shown at the right axis.

addition, for the 40 nm thick nanowires, f(¢) does not saturate even after ~20 ns.
With regards to R, (V') at 10 ns, there is little dependence on the wire width for 10
nm thick nanowires. On the other hand, for the 40 nm thick nanowires, the increase

in temperature is greater for the narrower wires.

To illustrate these characteristics, the parameters obtained from the fittings using
Eq. (4.8) and (4.9) are plotted against the wire width in Fig. 4.9. Figure 4.9 shows
(a) the slope a after saturation and (b) the rise time 7 of f(t) before saturation.
Clearly, the rise time 7 is significantly larger for the 40 nm thick nanowires. Since
the volume that needs to be heated is four times larger for the thicker nanowire, it
takes longer to heat it up. For both film thicknesses, the wider the wire, the larger
the rise time is. This is likely related to heat dissipation, which mainly takes place
from the bottom surface of the nanowire to the substrate. Thus the dissipation rate
would be proportional to the wire width. Consequently, it will take longer to heat up

wider wires.
The slope (a) after saturation increases when the thickness and the width of the
nanowire is increased. Since a seems to be proportional to the volume of the nanowire,

it is likely that the gradual increase in the temperature after the first saturation is due
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Figure 4.8: Nanowire width dependencies of the function f(t) (a) and the normalized

resistance at 10 ns (b) are shown for 40 nm thick permalloy nanowires. Estimated
temperature of the nanowire are shown at the right axis.
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Figure 4.9: (a) Slope of the normalized resistance versus time after it the resistance
saturates and (b) the rise time of the normalized resistance before saturation, obtained
by fitting function f(t) to Eq. (4.8). The solid lines are guide to the eye.
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Figure 4.10: Time resolved resistance of 40 nm thick 200 nm wide permalloy nanowires
normalized to its room temperature value. 10 us long voltage pulse is applied to
study the how long it takes for the resistance to saturate. The amplitudes of the
input voltage pulse are shown on the right.

thickness| w (nm) Rp () Rc(Q) A 1 (ns) a (ns'1) b o (V'2)
84 1401 81 -1.040 1.859 6.34E-04 0.897 0.054

10 nm 94 1264 81 -1.077 1.845 3.89E-04 0.963 0.069
199 638 81 -1.113 2.050 6.03E-04 0.973 0.068

300 451 81 -1.187 2520 7.39E-04 0.958 0.058

62 427 68 -1.173 2927 6.63E-04 0.979 0.141
112 267 68 -1.183 3.302 1.01E-03  0.961 0.133
222 168 68 -1.266 4769 1.56E-03 0.983 0.091
300 142 68 -1.265 5554 2.11E-03 0.973 0.062

40 nm

Table 4.2: Parameters characterizing the Joule heating of the nanowire.

to remanent heating. In order to study how long it takes to saturate the temperature
in the thicker nanowires, a pulse generator (HP8116, 50 MHz bandwidth) that can
generate micro-seconds long pulses is connected to contact line A to replace the one
from Picosecond Pulse Labs. Fig. 4.10 shows the increase in the normalized resistance
for a 200 nm wide 40 nm thick nanowire when a 10 us long voltage pulse is applied.
After the first saturation, it takes nearly ~1 us to reach the equilibrium.

A list of the parameters that characterize the Joule heating effect are shown in
Table 4.2 as a reference. From these parameters, we can estimate the temperature
when a voltage pulse with amplitude V" and length ¢ is injected, using Eq. (4.5), (4.8),
(4.9) and (4.11).
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Figure 4.11: Estimated resistance (a) and the calculated current density (b) of 5 nm
Ta/45 nm Rh contact lines (500 nm wide and few microns long). The amplitudes of
the input voltage pulse are shown on the right of each panel.

Finally, Joule heating that occurs in the contact line is studied. The contact lines
are made from 5 nm Ta/45 nm Rh films and patterned into 500 nm wide, few microns
long wires, which attach to the 100 x 150um? contact pads. The resistance of the
contact lines are R ~ 80— 85¢2 for 10 nm thick nanowires and R ~ 65— 70¢2 for 40 nm
thick nanowires. Since these resistances are non-negligible, in particular for the thicker
permalloy nanowires, it is important to characterize the heating in the contact line.
Figure 4.11 shows the estimated resistance R,(V,t) (a) and the calculated current
density (b) for the contact lines in the 10 nm thick permalloy nanowires. Considering
the thickness (45 nm) of the contact line, the resistance increase is not as significant as
the permalloy nanowires. However, the Joule heating is not negligible. Unfortunately,
the relationship between the resistance and temperature is not available at this point.
In order to characterize Joule heating of the permalloy nanowire more precisely, the

contribution from the contact lines are needed to be taken into account.



Chapter 5

Depinning DW from a pinning

center

5.1 Introduction

5.1.1 Background

Key to the successful operation of the racetrack memory is the controllable motion
of DWs between pinning sites using current pulses. To begin with, it is important
to provide well defined pinning sites in the device. There are several ways to create
artificial pinning centers in magnetic materials. Owing to the advances of micro-
fabrication technologies, one can pattern an artificial structural defect in magnetic
nanostructures within the nanometer-scale length, which provides a precise position-
ing of the pinning center. In addition, the pinning strength of the pinning center can
be controlled through the size of the artificial structural defect. On the other hand,
we must be able to un-trap, or "depin” the DW from these artificial pinning sites
using current pulses. Thus it is crucial to find a pinning center that provides both
strong enough pinning, which can tolerate thermal activation, and "weak pinning”
that can cause the DW to depin with low enough current density.

Note that in general, there are random pinning sites in magnetic materials due to

either intrinsic structural or magnetic defects. The strength of these random pinnings
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differ depending on the type of defects and also on the host material. Therefore, it
is also important to use a material that has little contributions from these random
pinnings to avoid the DW being trapped in an undesired position. The coercivity
of the material provides a good measure of the strength of these random pinnings.
The pinning strength of these random defects are typically very small in soft mag-
netic materials. From this perspective, permalloy (NigiFejq) is chosen as a possible

candidate for the racetrack memory.

5.1.2 Experimental Setup

A scanning electron microscopy (SEM) image of a typical nanowire is shown in Fig.
5.1. The distance between the two contact lines, labeled A and B, is 4 um. The width
of the nanowire varies from 80-300 nm. Both ends of the nanowire are tapered to a
sharp point to prevent the formation of DWs outside the contact line [121] and to
assist annihilation of any DW that enters this region. An artificial pinning center is
patterned in section A-B, the region of the permalloy nanowire between contact line
A and B. The pinning center is typically located either 2 or 3 um away from line A. A
triangular shaped pinning center (notch) is used with its depth varying from 10-30%
of the wire width and its width having the same length with the depth. The notch is
located along one edge of the nanowire.

High frequency probes are used to make contact to the devices. Most of the results
shown in this chapter are taken using probes with bandwidth of de-5 GHz. The local
field generation method (chapter 3.3) is used to inject a DW into section A-B. A pulse
generator (PG-A, Picosecond Pulse Labs, model 10075A) is connected to contact line
A. A 50 Q) termination is connected to the other end of line A. This pulse generator
is used to inject voltage pulse into line A which generates local magnetic fields. A
dc-resistance measurement setup, consisting of a dc voltmeter (Keithley model 2002)
and dc current source-meter (Keithley model 6430) connected in parallel, is connected
to line B. This setup measures the total dc resistance of section A-B of the nanowire,
contact lines A and B and the 50 2 termination. A bias tee (Picosecond Pulse

Labs, model 5547) is inserted between the dc measurement setup and the probe.
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Figure 5.1: Scanning electron microscopy image of a permalloy nanowire (horizontal)
and its electrical contacts (vertical lines). A schematic illustration of the quasi-static
resistance measurement setup is overlaid on the image.

The capacitor end of the bias tee is connected to another pulse generator (PG-B,
Picosecond Pulse Labs, model 10300B). This pulse generator is used to inject current

pulses into the nanowire to excite or move the DW pinned at the pinning center.

5.2 Field-induced DW depinning

5.2.1 Correlation between DW structure and its resistance

The following procedure is used to inject a head to head (HH) DW into the wire. The
nanowire is first magnetized along the wire by applying a large in-plane magnetic field
Hgar =-300 Oe in the -x direction (see Fig. 5.1 for the definition of x). Then a voltage
pulse is passed along contact line A from pulse generator PG-A. The amplitude of the
voltage pulse is set to pass large enough current into line A so that it generates a local
magnetic field sufficiently large to reverse the magnetization direction of the portion of
the nanowire that is located immediately underneath the line. Consequently, two DWs
will be formed at both edges of line A. In addition, a global magnetic field, termed the
injection field (Hyyy), hereafter, is applied to assist the nucleation and subsequent
propagation of the DWs. Hx; will cause the two DWs to move in opposite directions,
one moving towards the notch (along the +x direction), and the other moving towards
the wire’s pointed end (along the -x direction). If Hyy; does not exceed the pinning
field of the notch, one DW will consequently be trapped at the notch. The other DW
will be annihilated at the pointed end. In order to create a tail to tail (TT) wall, the
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cycle Field Resistance

1 -Hsat

2 0 Rsar
@ -»> 3 Hing

4 0 R;
@~ 5 Hg

6 0 R¢

7 Hsar

Table 5.1: List of the field applied during the measurement to determine the crit-
ical current density. The resistance levels measured at the corresponding fields are
shown on the right column. The field at which the injection voltage pulse, which
subsequently injects a DW into section A-B of the nanowire, is applied is shown by
the top blue arrow. The field at which the second voltage pulse, which triggers the
depinning of the DW from the pinning center, is shown by the bottom red arrow.

ARl = Rl - RSAT and ARf = Rf — RSAT

direction of Hgar, H;ny and the polarity of the voltage pulse needs to be reversed.

The presence of a DW in section A-B of the nanowire is detected by measuring
the dc resistance of the device. Due to the anisotropic magnetoresistance (AMR)
of permalloy the presence of a DW lowers the resistance of the nanowire [74, 122].
Typically small contributions from the DW on the resistance[87] is ignored. Since this
effect is small the resistance of the nanowire R; is compared to that of its magnetized
(no DW) state Rgar immediately prior to injection of the DW. R; and Rgar are
measured in zero applied field. See Table 5.1 for the field cycle used and the timing

of the resistance measurements.

To illustrate this DW injection process, results from a 300 nm wide permalloy
nanowire are shown in Fig. 5.2-5.5. A triangularly shaped notch with its depth being
~30% of the wire width is located 3 pm away from contact line A. As an example,
a 2.1 V high 10 ns long voltage pulse is generated from PG-A to generate local field
and inject a DW in section A-B. H;y; = 12 Oe is used as the global assist field.
Fig. 5.2 (a) plots the magnitude of the resistance change AR; = R; — Rgar for a
succession of measurements in which the magnetization and DW injection processes
(cycle 1-4 in Table 5.1) are repeated many times. Note that AR; = 0 correspond to

the magnetized states, whereas the non-zero A R; values correspond to the state with
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Figure 5.2: (a) Measurements of AR; in a series of experiments in which the wire is
first magnetized and a DW is subsequently injected (process 1-4 in Table 5.1). 2.1
V 10 ns long voltage pulse is used to inject a HH DW. H;y;=12 Oe is used. (b)
Histogram of AR; values from (a). Note that only a subset of these data are shown
in (a).

a DW in section A-B. For the latter, AR; is negative in each case, consistent with
AMR, but its magnitude varies from measurement to measurement. Figure 5.2 (b)
shows a histogram of measured AR; values. Four unambiguous peaks are observed

in the histogram.

In order to investigate the origin of these distinct AR; levels in the histogram,
magnetic force microscopy (MFM) are used to image the state of the DW trapped
at the pinning site. A DW is first injected into section A-B and subsequently being
trapped at the notch using the above injection condition. AR; is measured at zero
field. The sample is then removed from the probe station and taken to the MFM.
MFM imaging is conducted using a low moment tip to avoid strong interaction be-
tween the tip and the DW. After MFM imaging, the sample is brought back to the
probe station to check whether the DW state has been changed or not. In order to
check the state of the DW, the resistance of the device is first measured (R;). A mag-
netic field is then applied and ramped up until the resistance of the device changes.

The field is reduced to zero and the device resistance is recorded again (Rgar). The
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Figure 5.3: Left panels: MFM imaging of the four distinct AR; states of Fig. 5.2
(b) (the symbols shown at the left side correspond to those in Fig. 5.2 (b)). Right
panels: Field driven depinning probability plotted against the applied magnetic field
for each DW state.

field at which the resistance change occurs is also recorded (see the discussion below
regarding this field). The resistance difference R; — Rgar will give the AR; value of
the DW after the MFM imaging. This value can be compared with the initial AR;
before the imaging to check the status of the DW.

The MFM images of the corresponding four distinct AR; peaks are shown in the
left panels of Fig. 5.3 (a-d). These experiments clearly demonstrate that the dif-
ference in the AR; values correspond to different DW structures. The MFM images
of these states are compared with micromagnetic simulations [123] to identify the
underlying DW structures. The magnetic configuration of the nanowire with a notch
is calculated by micromagnetic simulation. The notch profile is reproduced by load-
ing the topography images of the nanowire, which are measured using atomic force
microscopy (AFM). The MFM images are then reproduced by simulating a magnetic
configuration whose magnetization divergence is close to those of the MFM images.
In Fig. 5.4, the top panels show the MFM images and the corresponding simulated
images are shown in the second and third panels. The second and third panels show

the simulated images of the divergence of the magnetization and the direction of
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the local magnetization, respectively. Excellent agreement is obtained between the
simulated and experimental images, allowing us to identify the four states as (a)
transverse wall located in the notch (solid circle, labeled as T hereafter), (b) vortex
wall located in the notch (solid square, V), (c) transverse wall located at one side
of the notch (open circle, T4) and (d) vortex wall located at one side of the notch
(open square, V4). Note that since the DWs are injected from the left side of the
notch, i.e. from contact line A, they are more likely to be located at the left side of
the notch. Interestingly, we find that the chirality of the DW determines whether the
DW resides inside or to one side of the notch. This is because the energy of the DW
is lowered (raised) when the component of its transverse magnetization within the
notch is directed away from (to) the notch. We describe the chirality of these DWs

as clockwise (T¢, V) and anticlockwise (T4, V4), respectively.

5.2.2 DW structure dependent depinning fields

Further insight into the characteristics of these different DW states is obtained by
studying their field-induced depinning from the notch. DWs are injected into section
A-B of the nanowire and subsequently being trapped at the notch using the afore-
mentioned procedure. AR; is measured in zero field to confirm the DW state prior to
each depinning experiment. The field is then ramped up to a certain value Hg and is
reduced to zero to measure R;. Ry is compared to the nanowire resistance Rgar of
the magnetized state prior to the injection of the DW to obtain ARy = Ry — Rsar.
This process (Table 5.1 1-6 without the second voltage pulse application) is repeated
for fields in the range from -120 Oe to 120 Oe, and is repeated 50 times for each field
to obtain a statistical average. The depinning probability, the probability of ARy
equals zero at each field, is plotted against the ramped field Hg for each DW state
and are shown in the right panels of Fig. 5.3. We define the depinning field Hpp as
the minimum field at which the depinning probability exceeds 50%.

Interestingly, Hpp shows significant dependence on the DW state. For the DW
with anti-clockwise chirality, the depinning fields are significantly different for positive

and negative fields. Note that, since head to head DW is injected, positive depinning
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Figure 5.4: Each of the four panels (a)-(d), corresponding to the four distinct AR;
states of Fig. 5.2 (b), contain, from top to bottom: (1) MFM image (the symbols
shown at the left side correspond to those in Fig. 5.2 (b)); (2) micromagnetic sim-
ulation of the divergence of the magnetization, which closely matches the measured
MFM image; (3) the corresponding simulated image of the direction of the local mag-
netization, whose direction is indicated by color and arrows; (4) calculated pinning
potential of the DW versus position along the nanowire. Note that the V(V4) states
transform to T (T4) when the DW is moved across the notch to the right. The state
of the DW is shown by color of the line and the label.
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Experiment Simulation
Hop Hpp Hop Hop Hrrans
V¢ -45 54 -58 60 71
Va -20 120 -21 156 112
Tc -54 54 -56 60 /
Ta -41 119 -45 156 /

Table 5.2: Comparison of the depinning fields obtained experimentally and calculated
using micromagnetic simulation for each DW state. Hrrang represents the field at
which the corresponding vortex wall transforms to a transverse wall.

field represents field needed to move the DW across the notch (toward +x direction)
and depin it, whereas negative depinning field represents the field needed to pull
the DW away from the notch (toward -x direction) and depin it. Since the DW is
located on the left side of the notch for the anti-clockwise DWs, it is reasonable to
infer that larger fields are needed to move the DW across the notch rather than to
pull it away. For the clockwise DWs, the depinning fields are relatively symmetric in
field, consistent with its location relative to the notch center. Note that in the MFM
imaging measurements, Hpp is also measured after the imaging to confirm that the
state of DW is not changed due to the stray fields from the MFM tips.

In order to provide a more quantitative understanding of the depinning fields,
the notch pinning potentials for the four DW states are calculated by micromagnetic
simulations. The pinning potential is calculated as follows. First, one of the four
DW states is pinned at the notch. Second, a magnetic field is applied to move the
DW. By incrementing the field Hx(t) slowly and by using a large Gilbert damping
constant (o = 1) it is ensured that the DW follows the lowest energy path during
its motion around the notch. The potential energy landscape o for the DW is then
obtained from the total energy Er(t) of the system minus the Zeeman contribution
—Viys Mx (t)Hx (t), i.e. 0 = (Ep(t) + Vs Mx(t)Hx (t) + Ep) /wt, where Vj,, is the
total volume of the system, Fj is the reference energy, My (t) is the x-component of

the magnetization and w, t are the width and thickness of the nanowire, respectively.

The bottom panels of Fig. 5.4 show the calculated pinning potentials for the
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Figure 5.5: (a) Histogram of AR; values as a function of injection field H;y ;. Cor-
responding injection fields for each histogram are shown in (b) (units: Oersted).
Symbols indicate different DW states. (b) Depinning field for each peak observed in
(a). Symbols correspond to those shown in (a). Error bars (20-80% depinning proba-
bility) are smaller than the symbols except where shown. The vertical axis represents
the magnitude of the injection field with arbitrary spacing.

corresponding four DW states. In the system we used, Vi, = 9.529 x 107" erg
and Ey = 0.16658 x 107 erg. The difference in the positive and negative depinning
fields can be understood from the asymmetrical shape of the pinning potential. For
example, there is a big barrier to overcome for the anti-clockwise DW to move across
the notch, thus giving large positive depinning fields. The depinning fields for each
DW state can be extracted from the corresponding energy landscape and are listed
in Table 5.2 together with the experimental values. The agreement between the
experiments and simulations are good. The simulations also show that for the vortex
walls, the DW transforms to a transverse state when it is moved across the notch.
This is represented by the change in color of the pinning potentials in Fig. 5.4(b) and
(d). The estimated field that cause the transformation are shown together in Table
5.2.
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Figure 5.6: AR; for the structures listed plotted against the nanowire’s width. The
DWs are trapped at a notch whose depth is designed to be 30% of the wire width.

The dependence of the AR; and Hpp on the injection field H;y; is summarized
in Fig. 5.5 (a) and (b), respectively. For Hy; larger than 4 Oe, the four main
peaks are observed with the same Hpp. Note that neither the absolute value of
AR; nor Hpp depend on H;yy, confirming that states with the same AR; have the
same magnetic state. The peak around AR ~ 0 corresponds to states where no DW
are formed. Interestingly, the relative size of the peaks in the histogram varies with
H;nj. Consequently, the number of accessible DW states can be varied by tuning
H;nj. Below 4 Oe, both the number and position of the peaks change abruptly. In
this injection field range, the depinning field in the negative field direction is close to
zero, indicating that the DW is not captured by the notch’s potential well, and thus
likely did not travel all the way to the notch. In other words, the ”propagation field”,
the minimum field needed to move the DW along the nanowire, can be determined
to be ~ 4 —5 Oe.

Finally, AR; for the vortex and transverse walls are plotted as a function of
nanowire’s width in Fig. 5.6. The notch is designed as triangular shape with its
depth being 30% of the wire width. However, due to patterning issues, the actual
depth of the notch is reduced for the narrower wires. The DW structure for the 100

nm wide nanowires are estimated from the depinning fields; MFM imaging was not
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Figure 5.7: (a) Histogram of AR; values when H;y;=30 Oe. A 2.1 V 10 ns voltage
pulse is used to inject a HH DW. Magnetic configuration corresponding to the three
peaks in the AR; levels are shown as MFM images. (b) Depinning probability of each
DW state shown in (a) plotted against the applied magnetic field.

possible for these nanowires due to their weak pinning.

5.3 Overshoot effects in DW injection

Interesting effects occur when the injection field H;y; is tuned to a particular field
range. Fig. 5.7 (a) shows the AR; histograms when H;y; is set to 30 Oe and 2.1 V
10 ns long voltage pulse is used to inject a HH DW. In between the two transverse
wall’s AR; levels, an additional peak arises at this injection condition. MFM image
corresponding to this peak reveals that this new level represents a transverse (T,)
wall located on the right side of the notch (termed T’ hereafter). MFM images for
the other two transverse walls are shown together for reference. Although the DW is
injected from the left side of the notch (from line A), the MFM image indicates that
the DW goes across the notch and get pinned at the right side of the notch.

To double check this observation, the zero current depinning field is measured.

Figure 5.7 (b) shows the depinning probability plotted against the applied field for
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Figure 5.8: The probability of obtaining the T4 wall trapped at the right side of the
notch plotted as a function of Hyy .

all three transverse walls, one T wall and two T4 walls with different positions (T 4
and T7). As described before, the asymmetry in the positive and negative depinning
fields (H7p) derives from the position of the DW relative the notch center. If the DW
sits on the left side of the notch, it costs more field to go across the notch, i.e. requires
large H},p, than to go to the left, i.e. requires small Hpp. For the T7 wall, the trend
is the opposite, Hpp is significantly larger compared to Hjp, which indicates that
the DW is located on the right hand side of the notch, consistent with the MFM

imaging. In fact, H3p is completely symmetric with respect to that of the T 4 wall.

Since T4 and T7; walls are symmetric with respect to the notch center, it is not
obvious why the resistance level differs from each other. It is likely that due to the
inhomogeneous current flow around the notch, the contribution of the DW to the
resistance differs for the two walls. (The dc current flow is from line B to line A in

Fig. 5.1, thus the symmetry with respect to the notch center is broken.)

The probability of observing T7, wall is plotted as a function of H;y; in Fig. 5.8.
The probability increases when Hjy; is set to 25-30 Oe. It is rather surprising that
the probability of observing T’ wall can increase up to 30% in certain field range.
As seen in Fig. 5.4 (a-d), there is quite a large barrier to overcome for the DW to go
across the notch. Considering the depinning fields H}» of the other DW structures,
25-30 Oe is too small for any of the DW states to move across the notch (see Table
5.2). It is likely that the appearance of the T7 wall in this field range is due to an
dynamical overshoot effect of the DW entering the notch potential.

An analogue phenomena can be observed in classical mechanics. Consider a ball
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rolling down a board and a dent is placed in the middle of the board. Compare the
slope of the board needed for the ball to move out from the dent when it is initially
place in the dent or if it is initially placed above the dent and rolls down the hill to
enter the dent. The slope needed when the ball is placed above the dent is nearly half
of that when it is placed in the dent. This is because when the ball is placed above
the dent, it obtains momentum by moving down the board and thus when it enters
the dent it possesses finite momentum, which is not the case when it starts from the
dent. The same condition applies for the DW, where the field (slope of the board)
required to observe T7 wall (to see the ball go across the dent) is nearly half of the
depinning fields of the DWs which are at rest in the notch (the slope needed to get
the ball out from the dent when it is initially located in the dent).

5.4 Current-assisted DW depinning

We now apply current pulse to trigger the depinning of the DW from the pinning
center. One of the important purpose of this chapter is to investigate the factors
that determine the minimum current density needed to depin a DW from the pinning
center (termed critical current density, hereafter). With regards to the racetrack
memory, it is crucial to understand the relationship between the pinning strength
and the critical current density. As stated before, on one hand, it is desirable to use a
strong pinning center to avoid thermal fluctuation of the trapped DW. On the other
hand, we must depin the DW from the pinning center to move it to the next pinning
center, which indicates that too strong pinning may not be suitable. Thus the proper
pinning strength needs to be determined. In addition, when the dimensions of the
nanowires are changed, perhaps due to scaling, it is likely that the structure of the
DW will change. Thus it is also important to understand the effect of the DW state
trapped at the pinning center on the critical current density.

One obvious way to study these effects is to use nanowires with different pinning
centers, wire widthes and film thicknesses. However, since each nanowire may exhibit
different characteristics due to the uncertainty of the lithography techniques, it may

become ambiguous to compare the critical current density from wire to wire, unless
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a large number of sampling is conducted. It is shown in the previous section that
we can trap different types of DW at the same pinning center. Furthermore, these
DWs exhibit different depinning fields, indicating that the pinning strength they feel
from the same pinning center is different. Thus this is an ideal system to study the
dependence of the critical current density on the pinning strength and the type of

DW. In addition, the influence of magnetic field on the depinning process is studied.

5.4.1 Dependence on magnetic field

Again, we start from the results of 300 nm wide nanowire with a triangularly shaped
notch located 2 um away from contact line A. The depth of the notch is ~30% of
the wire width. First a DW is injected in the nanowire using the aforementioned
injection procedure. The DW injection condition is chosen such that the number of
accessible DW states is maximum. For this wire, a 2.1 V high 10 ns long voltage
pulse is used to inject a DW in section A-B and H;y; = 12 Oe is used (see Fig. 5.5
(a) for details). AR; is measured after the injection process to determine the state
of the trapped DW. Four DW states, two vortex walls and two transverse walls, each
with two chiralities, can be pinned at the notch.

An external bias field (Hp) is then applied along the x-direction to assist the
current induced depinning. With Hp turned on, a voltage pulse, generated from
pulse generator B (PG-B in Fig. 5.1) is injected into the nanowire via contact line
B. After reducing Hp to zero, the resistance (Rf) of the device is measured and
compared to magnetized state resistance level (Rgar) measured prior to the DW
injection. The difference of the two resistance level, defined as ARy = Ry — Rsar
gives the information of whether the DW is depinned and ejected from section A-B.
The definitions of the applied field cycle and the corresponding resistance measured
at each field are shown in Table. 5.1.

In order to obtain statistical average, this injection/depinning process (all cycles
shown in Table. 5.1) is repeated 50-100 times at a fixed Hp, pulse voltage and pulse
length. When a positive voltage pulse is injected from line B, a positive current

will flow in the nanowire. Positive current is defined as the electrons flowing in the
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positive x direction in Fig. 5.1.

The voltage pulse injected from line B into the nanowire can be considered as
a current pulse injected into the nanowire. However, since a constant voltage pulse
generator is used, the actual current density flowing in the nanowire depends upon its
resistance which may increase during the pulse due to Joule heating. Thus we correct
the current density to the actual current density that flows into the nanowire which
is estimated from the increase in the nanowire resistance during the pulse application
(see Fig. 4.2 (c) for the resistance increase). In addition, when the Joule heating effect
takes place, the amplitude of the current pulse is no longer constant within the pulse
(see Fig. 4.2 (e) for the change in the current density during the pulse). Therefore we
take the current density at the end of the pulse, not the maximum current density,

as the "actual” current density.

Figure 5.9 (a-d) show the depinning probability plotted as a function of applied
magnetic field Hg and pulse voltage. The voltage pulse length is fixed to 4 ns here.
The initial structure of the DW is indicated at the bottom left of each panel. The
color scale represents the probability of the DW being depinned either by field or by
the combination of field, if any, and current. Red (blue) corresponds to 100% (0%)
depinning probability. When Hp is below the zero current depinning field (H7p) (see
Fig. 5.3), non-zero current density is needed to depin the DW. The minimum current
density needed to cause 50% or more depinning, i.e. the critical current density
Jo(Hg), is plotted in Fig. 5.9 (e-h) as a function of the magnetic field for the four

initial wall structures.

The measured field dependencies of Jo(Hp) show similar characteristics for DWs
with the same chirality. For example, T4, and V, walls show constant Jo over a
large range of Hp at high positive fields. At negative Hg, Jo rapidly increases as Hpg
is reduced from the depinning field. For T¢ and V¢ walls, Jo is nearly symmetric
with respect to the applied field direction. The blue lines represent the calculated
critical current density using the 1D model of the DW. Details of this calculation and
discussion about the comparison to the experimental results are discussed in Section
5.5. For most of the wall structures, the extrapolated Jo at zero field show similar
values, i.e. Jo(0) ~ 3 x 10% A/cm?.
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Figure 5.9: (a~-d) Depinning probability maps plotted as a function of magnetic field
Hp and the amplitude of the voltage pulse. Applied voltage pulses are 4 ns long. The
color scale represents the depinning probability. Each panel shows the probability
map for the corresponding initial DW structure indicated at the bottom left. Device
temperature corresponding to the applied voltage pulse is shown at the right as color
scales. (e-f) Critical current density extracted from the maps shown in (a-d) plotted
as a function of Hp for the four initial DW states. Lines are a calculated using the
1D model. Device temperatures corresponding to the current density are shown at
the right as color scales.
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Figure 5.10: Depinning probability maps (a-d) and the critical current density (e-h)
plotted as a function of magnetic field Hg for a 200 nm wide nanowire. Notch depth
is 30% of the wire width. See Fig. 5.9 for details of the description of the figures.

The temperature reached during the 4 ns long pulse can be estimated by convert-
ing the measured resistance after the end of the 4ns pulse application to the device
temperature using the dc resistance-temperature relationship measured for a permal-
loy film with the same thickness (see Fig. 4.4 for the conversion). Substituting the
t = 4 ns in Egs. (4.5), (4.8), (4.9) and (4.11) and using the parameters obtained
in Chapter 4, the device temperature corresponding to each amplitude of the pulse
voltage can be obtained. The estimated temperature corresponding to the current
density are shown as color scales at the right side of the figures. The maximum
temperature approaches the Curie temperature of permalloy (~850K) at the highest
currents needed to depin the DWs near zero applied field [124].

The depinning probability maps and the critical current densities of a 200 nm
wide nanowire are shown in Fig. 5.10 (a,b) and (c,d), respectively. The notch depth
is ~30% of the wire width and is located 3 ym away from line A. Again, a 4 ns long
voltage pulse is injected from line B to trigger the depinning. The device temperature
reached at the end of the pulse is shown at the right side of each panel. The initial DW

states are all transverse walls in this figure, which were confirmed by MFM imaging.

Similar characteristics are observed for the 200 nm wide nanowires. For example,
the critical current density near zero field are similar for all the DW states. A field

independent Jo(Hp) are observed at positive high fields for the T4 walls. As was



70 CHAPTER 5. DEPINNING DW FROM A PINNING CENTER

)

o

A

(=R
©

|

coo 4 20.4 - |
=< 200
N/E\ -0 J1C (Afcm% ot ] @fﬁ%@a ® © A
S 5 - 11 |
3 o 100nm o 100nm
ﬂ01 Ll © 200nm , o 200nm
A 300nm A 300nm
0 0 20 40 60 80 100 0O 20 40 60 80 100120
Pulse length (ns) Pinning Field (Oe)

Figure 5.11: (a) Pulse length dependence of the critical current density at zero field
estimated from extrapolating Jo(Hpg) to zero field. Inset shows the inverse of the
pulse length plotted against the critical current density. (b) Zero field critical current
density as a function of the pinning field of the notch. The pinning field is the average
of positive and negative Hpp.

shown from the Joule heating experiment (Fig. 4.7), the device maximum tempera-
ture at the end of the 4 ns pulse depends little on the wire width, thus the maximum
temperature reached at Jo(0) is similar. Note that the depinning probability at zero
field seems to be higher when the wire width is reduced. The cause of this difference

is not clear yet.

The extrapolated critical current density near zero field for all transverse walls
are plotted in Fig. 5.11 (a) and (b) as a function of the pulse length and the notch
pinning strength, respectively. Data from 100-300 nm wide nanowires are shown all
together. In both figures, the average of the positive and negative Jo(0) are shown,
where each Jo(0) is the average of the extrapolated critical current density from
positive and negative fields. In Fig. 5.11 (a), the critical current decays and saturate
at longer pulse length. The inset shows the critical current dependence of the inverse
of pulse length. The relationship is approximately linear. In Fig. 5.11 (b), the notch
pinning strength is estimated by taking the average of zero current depinning fields
Hfp and Hpp. Jo(0) shows little dependence on the pinning potential strength,
consistent with the results from a single nanowire, where Jo(0) is similar for different

DW states experiencing different pinning strength when located at the same notch.
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Figure 5.12: Histograms of the AR values before (black) and after (blue) (a) 2.3 V,
(b) -2.3 V 4 ns long voltage pulse application. The applied magnetic field ranges from
-5 Oe to 5 Oe to obtain the histogram.

5.4.2 Subthreshold current induced transformations

Thus far, the depinning probability was measured to study the dependence of the
critical current on the wall structure, notch pinning strength and wire width. For
the transverse walls, the zero field critical current seems to be relatively insensitive
to these parameters. In order to obtain a detailed insight into this current-assisted
depinning process, we study the effect of the current pulse below Jo(Hpg), i.e. the
subthreshold characteristics. Since the correspondence between the resistance level
(AR) of the nanowire and the DW state is known, ARy provides information of
the state of the DW after the current pulse application, i.e. if any transformations
between different DW states were to occur, it is detectable.

As an example, Fig. 5.12 show the histograms of the AR values before (AR;) and
after (ARy) the voltage pulse application. The V¢ wall is chosen as the initial DW
state; the other DW states in the AR; histogram are thus filtered out. A 4 ns long,
2.3V (a) or -2.3 V (b) voltage pulse is injected into the nanowire. The applied field
Hpg ranges from -5 Oe to 5 Oe. The transition of the DW states are clearly seen in
the ARy histograms. From these histograms, the most probable DW state can be
determined and are represented by the AR value corresponding to the peak position.

The most probable AR, value after the current pulse application are mapped in
the right panels of Fig. 5.13 (a-d) to show the most probable final state after the

voltage pulse application. These maps represent the subthreshold characteristics of
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the those shown in Fig. 5.9 (a-d). Note that the maximum voltage in these maps
are only 60% of that shown in Fig. 5.9 (a-d). The initial DW structures are listed at
the left of each panel and the device temperature corresponding to the end of the 4
ns long pulse is again shown by the color scale at the right side of the bottom panel.
To clarify the correspondence between the resistance level and the DW structure,
the resistance level is color scaled. Four different colors, light blue (T¢), light grey
(T4), red (V¢), light red (V) represent the four DW states, whereas dark blue
represent the magnetized state. One can clearly see transitions between different DW
structures below Jo(Hp)[74]. The T wall appears to be the most stable state against
current. The T4 wall transforms to either T¢ or Vi at low Hp depending on the
direction of current. Vortex walls also show transitions to transverse walls at high
current density. Thus the wall chirality as well as the basic structure can be changed
with a short current pulse. Note that the V4 wall transforms to a T4 wall without
any current when Hp exceeds ~50 Oe, consistent with micromagnetic simulations, as
shown in Fig. 5.4 (d). Interestingly, the depinning for high positive Hg for T4 and V 4
walls likely involves wall structure transformations, i.e. Jo(Hpg) here represents the
current density needed to transform the wall into either the T or Ve wall, which is
then immediately depinned at these high Hp. The DW transformations observed here

can be attributed to vortex core motion induced by spin polarized current [38, 125].

Up to this point, all of the results are from head to head (HH) DWs pinned at
the notch. Since the current flow through the nanowire is not perfectly homogeneous,
largely due to the 0.5 nm TaN/5 nm Ru layer deposited on top of permalloy that
shunts the current, the Oersted field, or the self field from the current pulse, may play a
role in the depinning process. This effect can be studied by comparing the depinning
process between HH and tail to tail (TT) walls. The subthreshold characteristics
maps of the TT wall are shown in the left panels of Fig. 5.13 (a-d).

From Fig. 5.13 (a-d), there is no significant difference between the HH and TT
walls in the subthreshold current induced transformations when the initial structure is
a transverse wall. However, for the vortex walls, the current induced transformation
occurs for much lower current for the the TT walls, as evident from Fig. 5.13 (c)

and (d). This could be attributed to the transverse field effect, which can cause the
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Figure 5.13: (a-d) Stability phase diagram for the four DW states shown in Fig. 5.9
(a-d). The most probable ARy level after the application of a 4 ns long voltage pulses
is plotted as a function of the pulse voltage and Hp. Color scale represent ARy and
are divided into five colors to correlate them to the DW states. Device temperature
corresponding to the applied voltage pulse is shown at the right as color scales.
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vortex core to move to the edge of the nanowire that results in transformation to
transverse walls. When the initial wall structure is a transverse wall, a vortex core
must be nucleated from the edge of the nanowire to initiate transformations, which
may require larger fields. On the other hand, when the current direction is fixed, the
final DW state after the transformation seems to be the same regardless of the DW
type (either HH or TT). For example, when a negative voltage pulse is applied to a
V¢ wall, the final state tends to be the T wall at zero field. This effect cannot be
explained by the sole effect from the transverse field. It is interesting to note that
vortex core motion can also be induced by spin transfer torque. It is likely that the
combination of spin transfer torque and the transverse field effect are causing the DW

transformations.

5.4.3 Dependence on current pulse length

Next, the effect of the pulse length on the current induced depinning and transfor-
mations is investigated. In order to avoid Joule heating that causes damage to the
device when long, high-amplitude pulses are used, the maximum amplitude of the
voltage pulse is limited to 2.5 V. In addition, it is important to note that at higher
pulse voltages, the current density is no longer constant during the pulse application
(see Fig. 4.2 (e)). The current density through the nanowire is roughly constant up
to 2.5 V.

Exemplary data of the pulse length dependence are shown from 300 nm wide
nanowire with a triangularly shaped notch located ~ 3um away from contact line
A. The notch depth is roughly 30% of the wire width. The same injection condition
is used, 2.1 V 10 ns voltage pulses with H;y; = 12 Oe. Figure 5.14 and Fig. 5.15
show the depinning and transformation probability maps plotted as a function of the
amplitude and length of the voltage pulse. The initial wall structures are the T 4 wall
(Fig. 5.14) and V¢ wall (Fig. 5.15). Maps for both HH wall (a) and TT wall (b) are
shown in each figure. In Fig. 5.14 (a) and (b), the top row represents the depinning
probability maps, whereas the second and third rows show maps of the transformation

probability to T and Vo walls, respectively. Similarly, in Fig. 5.15 (a) and (b), the
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top row represents the depinning probability maps, whereas the second and third
rows show maps of the transformation probability to T¢ and T 4 walls, respectively.
Each column show maps at fixed magnetic field (Hp) applied during the pulse. The
applied fields are indicated at the top of each row. Transformation probability to the
V 4 wall is not shown since the probability was low.

For the T 4 wall, most of the events, either depinning or transformation, are nearly
independent of the voltage pulse length. It is also clear from these maps that the DW
transformation plays an critical role in current induced depinning. For example in
Fig. 5.14 (a), when the magnetic field is small, transformation to the T wall occurs
preferably. As the field is increased, the voltage range where the transformation
occurred in the lower field maps now shows depinning. Another example can be
found in Fig. 5.14 (b), at -41.0 Oe, where at low negative voltages, transformation
to the T wall occurs, however as the magnitude of the voltage is increased, the
depinning process takes over.

For the V& wall, the pulse length dependence is more complex. The overall trend
is similar to the T4 wall, where transformation occurs first at low field, low voltage
and depinning takes place at higher fields, high voltage. However, the pulse length
plays a more significant role in this case, and in some occasions, the probability
of either depinning or transformation oscillates with the pulse length. This is a
remarkable effect and will be discussed in the next two sections. As was touched in the
previous section, the T'T vortex walls are more vulnerable to the current excitation;
transformation and depinning are observed at lower voltages. Unfortunately, the

injection probability of the V4 wall was too low to plot these maps in these samples.
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Figure 5.14: (a, b) Depinning and transformation probability maps plotted as a
function of pulse voltage and pules length. The initial wall structures are (a) HH T4
wall and (b) TT T4 wall. The top row in each panel show the depinning probability
maps, whereas the second and third row show maps of the transformation probability
to To wall and V¢ wall, respectively. Each column show maps at a fixed field, which
are indicated at the top.
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Figure 5.15: (a, b) Depinning and transformation probability maps plotted as a
function of pulse voltage and pules length. The initial wall structures are (a) HH V¢
wall and (b) TT V¢ wall. The top row in each panel show the depinning probability
maps, whereas the second and third row show maps of the transformation probability

to Te wall and T4 wall, respectively. Each column show maps at a fixed field, which
is indicated at the top.



78 CHAPTER 5. DEPINNING DW FROM A PINNING CENTER

5.5 Analysis using the 1D model

5.5.1 Model description

In this section, we leave the experimental results and turn on to understand the
underlying physics of depinning DWs using the one dimensional (1D) model. As was
introduced in Chapter 2, the two ordinary differential equations derived from the
LLG equation is used as a starting point, i.e. Eq.(2.29) and (2.30). For simplicity,
the effect of the transverse fields are neglected here, i.e. set a, and a, zero. Thus the

starting differential equations are

(1+a*)i = ala —pr + Bv) + (sin2¢ + v) (5.1)
(14 a?)Y = (a — pz + Bv) + a(sin 2y + v) (5.2)

The pinning potential is assumed to take a parabolic shape, as defined in Eq.(2.26).
In order to acquire an intuitive picture of how the DW moves within the potential
well when excited by current and/or field, we start from numerically solving Eq.(5.1)
and (5.2). Fig. 5.16 (a) and (b) show the temporal evolution of the position ¢ and the
angle ¢ of the DW when a magnetic field is applied at time zero. The position and
angle show damped oscillation with a 90 degree phase difference. In the steady state
limit, or at equilibrium, v is zero whereas ¢ takes a non-zero value. The horizontal
dotted lines are the boundaries of the pinning potential well. The motion of a DW
within the well is better visualized when the angle 1) is plotted against the position
q, typically called a phase space plot in classical mechanics. Figure 5.16 (c¢) shows
this phase space plot. The DW trajectory is elliptic and moves toward the center of
the spiral due to damping. The center of spiral is the called the fixed point (gr,1y),
which corresponds to the equilibrium value.

The trajectory of a DW when a dc current is applied at time zero is shown in
Fig. 5.17. On contrary, now the equilibrium point is shifted in the vertical axis, i.e.
qr is zero whereas 1y is now non-zero. This is the most significant difference in field
induced and current induced DW motion. Whereas the net effect of the magnetic

field is to shift the equilibrium position of the wall, the resulting effect of the current
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Figure 5.16: Numerical calculations showing the temporal evolution of (a) the angle
and (b) the position of the DW. (c) Phase space plot constructed from (a) and (b).
Magnetic field of 10 Oe is applied. No current is applied (u=0). The parameters
used are Hg=750 Oe, A=22 nm, a=0.01, #=0. The pinning potential is defined as
V=2x10% erg/cm?® and d=150 nm.

is to change the equilibrium angle of the wall.

The fixed point (zf,1f) can be easily derived by setting & and ¥ to zero in Eqs.
(5.1) and (5.2). The results are

_a+pu
by = ;arcsin(—v). (5.4)

The dynamic effects of a DW trapped in a pinning potential derives from the first few
spirals in the DW trajectory. In particular, the most pronounced effect occurs within
the first spiral. Thus it will be useful to deduce an analytical formula for the first
spiral. When the damping constant is small, the first spiral can be approximated with
a closed ellipse. Later it is shown that the damping constant of the spiral is directly
proportional to Gilbert damping constant «, and this number is typically small in
materials (permalloy) that we are interested in. In order to obtain an analytical form

of this closed ellipse, we thus assume a = 0 and use a parametric approach. First
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Figure 5.17: Solid line: Numerical calculations showing the phase space plot when
a current (u=50 m/s) is applied at time zero. No magnetic field is applied. Dotted
line: The first spiral of the DW trajectory calculated using Eq. (5.7). The parameters
used are Hg=750 Oe, A=22 nm, a=0.01, 5=0. The pinning potential is defined as
V=2x10* erg/cm? and d=150 nm.

divide Eq. (5.1) with (5.2).

i Oz _ (sin 2¢) + v)
v O (a—px+ Po) (5:5)

Direct integration of the Eq. (5.5) gives

—;]031:2 + (Bv+a)x — (—;pxg + (Bv+ a):r0> = ;cos 2 — v — (; cos 21)y — vw0)5.6)

where the integration limits are taken from time 0 (zg, 1o) to time ¢ (x, ©). As will
be clear later, when the angle ¢y becomes large, the DW trajectory is no longer an
ellipse. Here we consider the case where 1) is small, i.e. only the elliptical trajectories.
The non-linear terms in Eq. (5.6) can therefore be linearized. Since 1 is assumed to
be small, the center of the ellipse 9 is also small and thus we expand the cosines in

Eq. (5.6) around ¢ = v;. The resulting equation reads

(0 —ayf | (=)

=1 2.7
(2 R 57)

As evident from the form of Eq. (5.7), the trajectory is a closed ellipse. The
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Figure 5.18: (a-c) Solid black lines: Numerical calculations showing the phase space
plot when listed values of current (u) and field are applied. Dashed black line in (c)
represent the trajectory of the DW after the current is turned off. Dotted red line:
The first spiral of the DW trajectory calculated using Eq. (5.7). The parameters
used are Hx=750 Oe, A=25 nm, a=0.01, f=0. The pinning potential is defined as
V=2x10% erg/cm?® and d=150 nm.

radius of the ellipse are expressed as

272
R =" 5.8
’ (5.8)
2
,
R} = = (5.9)

where r? = J¢ — vy + Jpri — (—%pmg + (a + Bu)xo + 5 cos 2y — U%) and ¢ =
cos 2¢p¢. The quantity in the big brackets represent the initial state, i.e. the state

before the current pulse u (or v in the non-dimensional system) application. Here,

To = I%(ao + Pug) and ag = %, where ug and Hy are the current and field

Uuo
wrA?

applied before the current pulse. The red dotted line in Fig. 5.17 shows this analytical

Vo =

solution of the first spiral using the same parameters to numerically calculate the
DW trajectory in Fig. 5.17. Since the damping is ignored in the analytical model,
it overestimates the trajectory. Nevertheless, the agreement between the model and
the calculation is sufficient to proceed.

Several mechanism of moving the DW out from the pinning potential well can be
conceived. Here, three possible processes that can cause the depinning are shown. By

tuning both magnetic field and current, it is possible to observe all three processes
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in the same pinning potential well. Figure 5.18 (a-c) show the three trajectories that
result in depinning the DW. The black lines show the results of solving Eq. (5.1) and
(5.2) numerically. The black solid lines show the DW trajectory during the current
pulse, whereas the dashed line in (c) is the trajectory after the current is turned off.
The red dotted lines are the expected first spirals calculated using Eq. (5.7). The

three processes shown in Figure 5.18 (a-c) will be described below in this order.

5.5.2 Normal depinning

The first, and perhaps the most simple way to move the DW out from the potential

well, or to depin the DW, is to expand the radius of the first spiral so that it reaches

the boundary of the well. This is the process shown in Fig. 5.18 (a), where the sum

of the first spiral radius and the fixed point position exceeds the boundary of the

well. This criteria can be easily deduced graphically, i.e. R, + z; > x4 from Eq.

(5.7). Note that x4 is the non-dimensional representation of the width of the pinning
d

potential (z4 = £). Substituting terms from Eq. (5.3) and (5.8) gives the critical

current v. as

a+ Py — p(wa + x0)/2
52(% - 370)

vc:2ﬁ(xd—x0)(—1+\ll— )+ o (5.10)
We now need to define (xg,)), the initial position and angle of the DW before the
current pulse is turned on. When no magnetic field (ay = 0) or dc current (vy = 0) are

applied before the current pulse, the initial conditions are (xy = 0,1y = 0), according
to Eq. (5.3) and (5.4). Substituting these values into Eq. (5.10) gives

ve = 2Ba(—1 + \/1 - W) (5.11)

However, in the experimental setup, the magnetic field is usually turned on before
the current pulse (ap = a). We ignore small dc currents applied throughout the

experiment since they are small compared to the amplitude of the current pulse i.e.

a

vo ~ 0. The initial condition becomes (zo,%0) = (£,0). Substituting these numbers
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Figure 5.19: (a-c) Solid lines: Numerical calculations showing the phase space plot
when listed values of current (u) are applied to show the bifurcation of the DW
trajectory. No magnetic field is applied. Dotted red line: The first spiral of the DW
trajectory calculated using Eq. (5.7). The parameters used are Hx=750 Oe, A=25
nm, a=0.01, 3=0. The pinning potential is defined as V=2x10* erg/cm® and d=150
nm.

into Eq. (5.10) gives the expected experimental critical current

ve = 2aa= )=+ +73) (5.12)

which is linearly proportional to the magnetic field.

5.5.3 Bifurcation

When the current amplitude is increased to expand the radius of the spiral, the DW
trajectory starts to deviated from an ellipse. Numerical solutions to Eq. (5.1) and
(5.2) are shown in Figure 5.19 as black solid lines when the current is set to (a) u=70
m/s, (b) 120 m/s and (c) 130 m/s. No magnetic field is applied. The red dashed
lines are the corresponding first spiral calculated using Eq. (5.7). As the current is
increased, the trajectory at higher angles deviates from the ellipse. At the highest
current (c), the trajectory completely changes its direction after reaching some high
angle, i.e. the trajectory bifurcates.

In order to understand this behavior, it is useful to construct a phase portrait of

the system. Figure 5.20 shows the phase portrait calculated using the parameters
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Figure 5.20: (a) Phase portrait of the differential equations (5.1) and (5.2). Arrows
indicate the direction of trajectories. Parameters used are a=0.01, =0, a=0, v=0.5,
p=0.5. Two example trajectories are shown. Red circles and blue squares represent
stable and unstable fixed points. (b) Graphical derivation of the stable and unstable
fixed points, i.e. equation (5.4) is plotted. The intersections between the vertical
dotted line and the solid sinusoid show the position of the fixed point. The background
color represent the stability of the angle; red and blue correspond to stable and
unstable ).

shown in the caption. The DW trajectory will follow the arrows once a ”point to

pass” is determined.

We first seek the fixed points in the phase portrait. Since no magnetic field is
applied and § = 0, zy = 0 from Eq. (5.3). The values of ¢y can be found from Eq.
(5.4). Graphically, these solutions can be obtained by looking for the cross points
of v and —sin(2¢), which are plotted in Fig. 5.20 (b) for the same parameters used
in (a). The colored arrows indicate the positions of ¢);. Mathematically, the general
solutions are expressed as 1y = —1/153 + 5 £ nm (blue arrows) and ¢y = w?c + nr (red
arrows). Here we define w? as the 9y that is closest to 0. The corresponding fixed
points in the phase portrait are shown as colored circles.

Two exemplary trajectories are shown in black solid lines in Fig. 5.20 (a), where
the points to pass are defined as (0,0) and (0,0.5). For the former case, the DW
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trajectory spirals and heads toward the center of the ellipse, or to one of the fixed
points. This trajectory is similar to that shown in Fig. 5.17. On the other hand,
when a different point (0,0.5) is chosen, the trajectory does not fall into the fixed
points. It is rather repelled by a point represented by a blue square. This trajectory
is similar to that observed in Fig. 5.19 (c).

The difference in the two trajectories is caused by the stability of the fixed point
that each trajectory comes close by. In general, there are two types of fixed points,
stable and unstable points. The stable and unstable fixed points determine the evo-
lution of the DW trajectory. In order to distinguish the stability of the fixed points,
we use the linear stability analysis. The characteristic equation of the two differential
equations Eq. (5.1) and (5.2) is

N+ ap +2cos2t7)A + 2p(1 + o?) cos 20 = 0 (5.13)

where ) is the eigenvalue of the characteristic equation. The solutions to the char-
acteristic equation can be expressed as A = r £+ /s and the sign of r determines the
stability. From Eq. (5.13), r = —a(p 4+ 2cos2¢;)/2. When r is negative (positive),
the solution is stable (unstable). The stable (red) and unstable (blue) region of 1y
are shown in Fig. 5.20 (b) as the background color. The stability of the fixed points
in Fig. 5.20 (a) is also represented by the same color, i.e. the red points are the stable
ones and the blue points are the unstable ones. Note that the trajectory in Fig. 5.20
(a) which do not fall into the stable point changes its direction to the next unstable
point as it hits close to one of the unstable point. By doing so, interestingly, the
amplitude of the position ¢ of the trajectory also increases, which leads to depinning

from the potential well, as seen in Fig. 5.19 (c).

The condition to cause this bifurcation of the DW trajectory can be estimated by
assuming that the first spiral passes through the first unstable point. This is a very
crude assumption because the analytical model of the first spiral assumes the angle
1 to be small, whereas for the bifurcation to occur, 1 must be large. Nevertheless,
we proceed to obtain this condition. Form Fig. 5.20 (b), the closest unstable point
is (zf,%5) = (zg, =5 — ¢}). Substituting these values into the first spiral Eq. (5.6)
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gives the critical current,

_¥% T — % T —19)2 — - — - — -3
_ 1_252/19(]9/@ Oi\/(pA$ 0)2 — (1 )(4 ; 6))
(5.14)

where A = a — ag — Pvg. The F sign stands for positive and negative critical cur-

el

rent, respectively. As in normal depinning case, two different initial conditions are
considered. We first take (zg = 0,7y = 0), the case where no magnetic field or dc
current is applied before the current pulse application. Substituting these values into
Eq. (5.10) gives

1

o= g (e | Fazmp-0-Dya-25) o)

1—= p p p

When (x,10) = (%,O) is used, the case similar to the experimental setup, the

1 832
Uczl_%z<:|:7rj:1/7r2—4+§> (5.16)

p

critical current reads

which does not show any dependence on the magnetic field, i.e. v is constant.

The dependence of the bifurcation driven DW depinning on the current pulse
length is not explicit in the formulas derived above. To clarify this dependence, Fig.
5.21 shows numerical calculations of the trajectories of a DW when a current pulse
of (a) 100 ns and (b) 4 ns long are applied. Comparing the same current pulse
amplitude, it is clear that when the current pulse is too short for the trajectory to
reach the unstable fixed point, the DW does not depin. This can be seen in the
trajectory when the amplitude is set to u=110 m/s, where it depins for 100 ns long

pulse but not for the 4 ns long pulse.

5.5.4 Oscillatory depinning

The previous two sections described depinning of the DW during the current pulse

application. We next study the last case where the depinning occurs after the current
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Figure 5.21: (a,b) Numerical calculations showing the phase space plot when (a) 100
ns and (b) 4 ns long current pulses are applied to show the pulse length dependent
DW trajectory. No magnetic field is applied. The dotted lines are the DW trajectory
after the current pulse is turned off. The parameters used are Hx =750 Oe, A=22
nm, a=0.01, 3=0. The pinning potential is defined as V=2x10* erg/cm?® and d=450
nm.

pulse is turned off, the case shown in Fig. 5.18 (c).

Interestingly, in this case, the depinning can become significantly sensitive to the
current pulse length. Numerical solutions to Eq. (5.1) and (5.2) are shown in Figure
5.22 as black lines. The blakc solid and dashed lines represent the trajectory during
and after the current pulse application,respectively. The amplitude of the current
pulse is fixed to -90 m/s and the pulse length is varied; (a) 3.5 ns, (b) 7.0 ns and (c)
10.5 ns. A small magnetic field of 8 Oe is applied. For (a) and (c), the DW exits the
pinning potential well after the current pulse is turned off. For (b), the DW stays in
the well during and after the current pulse.

We first use the analytical form of closed ellipse Eq. (5.7), i.e. the first spiral, to
understand this phenomena. The red dashed lines in Fig. 5.22 (a-c) show the first
spiral, calculated using Eq. (5.7), when the current (v = —90m/s) is applied. As
evident from this first spiral, the DW will not exit the well during the current pulse
application since the edge of the first spiral does not reach the boundary of the well.
However, when the current pulse is turned off at the proper timing, it is possible to
increase the radius of the ellipse after the current pulse. This is illustrated by the

green dashed lines in Fig. 5.22 (a~c), which represent the first spiral after the current
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Figure 5.22: (a-c) Solid lines: Numerical calculations showing the phase space plot
when a current pulse (u=-90 m/s) is applied for (a) 3.5 ns, (b) 7.0 ns and (c) 10.5
ns. Magnetic field is set to 8 Oe. The dashed black lines represent the trajectory of
the DW after the current pulse is turned off. Dotted red line: The first spiral of the
DW trajectory calculated using Eq. (5.7) when the current is on. Dotted green line:
The first spiral of the DW trajectory calculated using Eq. (5.7) when the current is
off. The parameters used are Hx=750 Oe, A=25 nm, a=0.01, =0. The pinning
potential is defined as V=2x10* erg/cm?® and d=150 nm.

pulse.

These first spirals are calculated from Eq. (5.7) using the following procedure.
The point (x,%)) when the current pulse is turned off is taken from the numerical
calculation and substituted into Eq. (5.7) as (z0,1). Since the current is turned
off, the new center of ellipse, or the new fixed point becomes (x¢,0). Note that the
magnetic field is still turned on after the current pulse.

For the cases shown in Fig. 5.22 (a) and (c), it is clear that the edge of the new
first spiral exceeds the boundary of the well, allowing the DW to exit. Note that the
radius of new ellipse shrinks when the DW undergoes two rotations before the current
is turned off due to damping; compare the radius of the green dashed lines for (a)
and (c). The radius of the new first spiral depends on when the angle ¥orr when
the current pulse is turned off. The bigger the 1¥orp, the larger the radius of the new
ellipse. The case when ©opp is small is shown in Fig. 5.22 (b), where no depinning

occurs.

In order to estimate the pulse length that can cause the depinning, we must obtain
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an analytical formula of the first spiral that includes the time dependence. However,
the expression of the first spiral in Eq. (5.7) does not contain any time dependence.

Therefore, we use a different approach to obtain the time dependence.

As shown in Fig. 5.18 (c), the angle 1) does not have to be large compared to
the bifurcation regime. Thusthe two differential equations Eqgs. (5.1) and (5.2) can
be linearized assuming 1) << 1. The non-linear terms in Egs. (5.1) and (5.2) are

expanded around 1 to obtain the linearized differential equations

(1+a*)i = ala — pr + Bv) + 2c(vb — ¥y) (5.17)
(14 a®) = (a — px + Bv) — 20c(1h — y) (5.18)

where ¢ = cos(2¢¢). Linearization of the differential equations allows separation of
variables, z and 1. Rearranging Eqs. (5.17) and (5.18) leads to two second order

ordinary differential equations

(1+ )i + a(2c + p)i + 2cpx = 2cpxy (5.19)
(14 )0 + a(2c + p)ih + 2cpt) = 2cpi)y (5.20)

These differential equations are similar to those of damped harmonic oscillators

and can be directly solved. The initial conditions are assumed as,

z(0) = zo (5.21)
¥(0) = . (5.22)

Substituting these initial conditions into Eqgs. (5.17) and (5.18) gives the second set

of initial conditions,

5(0) = 5 la(a — pro + o) + 2e(t — ) (5.23)
0(0) = 1+1az ((a — po + Bv) — 2ac(s — )] (5.24)

The solutions to Eqgs. (5.17) and (5.18) are obtained by substituting the above
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Figure 5.23: Comparison of the analytical solution from Eq. (5.25) and (5.26) (blue)
to the numerical calculated position (a) and angle (b) of a DW. The reconstructed
phase space plot are shown in (¢) with the analytical first spiral equation (Eq. (5.7)
shown as the red dotted line. The parameters used are Hx=750 Oe, A=25 nm,
a=0.01, $=0. The pinning potential is defined as V=2x10* erg/cm?® and d=150 nm.

initial conditions and reads

z(T) =x5+ {(mo —xg)(coswT + g sinwTt) + ix sin WT} exp(—~KT) (5.25)

P(1) =5 + {(wo —1)f)(coswt + gsian) + % sian} exp(—~T) (5.26)

where, k = a(1+8), w = /2p, S, = #(0) = ﬁ [a(a — pzo + V) + 2¢(¢o — Py)]

and Sy, = ¥(0) = iz [(@ — pxo + Bv) + 2ca(yy — 1y)]. As always, ¢ = cos(2¢;) and
xy and 1)y are defined in Eqs. (5.3) and (5.4), respectively.

The blue solid lines in Fig. 5.23 (a) show the temporal evolution of the position
and angle of the DW calculated from Eqgs. (5.25) and (5.26), respectively. The black
lines represent numerical calculation results. The analytical solutions agree well with
the numerical results for the first few oscillations. The phase space plots are shown
in Fig. 5.23 (b), where the analytical solutions and the numerical calculations are
shown in blue and black solid lines, respectively. The red dashed line is the analytical

formula of the closed ellipse from Eq. (5.7).

As can be seen in Fig. 5.23 (a), the position ¢ and angle v oscillates with the
same frequency but are 90 degree out of phase. From Egs. (5.25) and (5.26), the
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oscillation period 7,4 is
21 B 2

w \/2p

It is also interesting to note that the decay rate of the radius of the spiral is determined

TOSC =

(5.27)

by . The decay time Tgeqqy is thus given as

v
a(l+p/2)’

(5.28)

1
Tdecay E =
which is inversely proportional to the Gilbert damping constant.

Finally, in order to illustrate the three regimes, normal depinning, bifurcation and
oscillatory pulse length dependence, numerical calculation results are shown. Figure
5.24 show the calculated depinning probability maps (in this case, the probability is
either one (red) or zero (blue)) when (a) 100 ns and (b) 4 ns long current pulses are
used. The parameters used are to fit the data of the T and V¢ walls in 300 nm wide
nanowires whose data are shown in Fig. 5.9 (e) and (f), respectively.

To illustrate the depinning process, selected trajectories are shown in Fig. 5.24 (c)
and (d), where the dotted lines correspond to the trajectories after the current pulse
is turned off. The trajectories are shown for fields and currents where cross points are
marked in (a) and (b). From the trajectories, it is clear that the depinning process
is different at high field and low field. At low fields, bifurcation induced depinning
occurs for both 100 ns and 4 ns long current pulses. However, at high fields, normal
depinning occurs for the 100 ns long pulse case, whereas depinning occurs after the
current pulse is turned off for the 4 ns long pulse case, which is representative of the
oscillatory depinning regime. It is also clear that in the oscillatory depinning regime,
the current to observe depinning is lower than the critical current for either normal
or bifurcation induced depinning.

The black solid lines in Fig. 5.24 (a) and (b) are the analytical solutions of the
critical current (u¢) derived from Eq. (5.11) and Eq. (5.15). The two equations for
the critical current ve are compared and the one with lower ve is plotted. At higher
fields, normal depinning has lower vo, where as at lower fields, bifurcation induced
depinning has lower vo. The crossover from normal to bifurcation induced depinning

occurs at £42 Oe. When the current pulse length is 100 ns (a), the analytical solutions



92 CHAPTER 5. DEPINNING DW FROM A PINNING CENTER

(a) t,=100 ns (b) t,=4 ns
200 & i 200
0 0
E 0 E 0
= )
-200 -- i -200
-50 .0 50 -50 .0 50
Field (Oe) Field (Oe)
90 (c) ‘ ] 90 (c) ‘
’&JB 45¢ H=0 Oe ’&)G 45¢ H=0 Oe
<) u=220 m/s S u=220 m/s
o O o O
o [=)] S
<™ =50 0e <™ 4=400e
-90t u=150 m/s 1 -90; u=170m/s 1
-150 0 150 -150 0 150
Position (nm) Position (nm)

Figure 5.24: Numerically calculated depinning probabilities maps (red corresponds
to one, blue corresponds to zero), plotted against the current (u) and magnetic field.
The current pulse lengths are set to (a) 100 ns and (b) 4 ns. The black solid lines are
the analytical solutions of the critical current (u¢) derived from Eq. (5.11) and Eq.
(5.15). At +42 Oe, the depinning mechanism changes: bifurcation induced depinning
occurs at low field whereas normal depinning occurs at high field. The parameters
used are to fit the data shown in Fig. 5.9 (a) and (c): Hg=950 Oe, A=35 nm,
«=0.01, $=0. The pinning potential is defined as V=8.64x10* erg/cm?® and d=150
nm.
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agree well with the numerically calculated solutions. The discrepancy between the
analytical solutions and the numerical calculations for the 4 ns long pulse case is due

the oscillatory depinning occurring at high fields.

5.5.5 Comparison with experiments

Experimental results obtained in the previous sections are now compared with the
1D model. First the field dependence of the critical current densities are compared
to that expected from the analytical solutions Eq. (5.11) and Eq. (5.15). The solid
lines in Fig. 5.9 and 5.10 show the best fit to the data using the parameter shown in
Table 5.3.

The fitting parameters used are Hg, § and d. The potential depth V' is determined
from the zero current depinning field, V' = 2HppMg. The DW width A is set to
the values obtained from micromagnetic simulations (see Chapter 2.4 and Fig. 2.4)
and Hp is used as one of the fitting parameters. In the fitting process, Hx and A
determines the critical current near zero field, i.e. the bifurcation regime, whereas d
and ( determines the crossover from bifurcation induced to normal depinning.

Although the fitting seems to work fairly well, the parameters obtained from the
fitting shows some limit of applying 1D model to a system where significant heating
is occurring. The Hy values of the vortex walls seem too high, whereas that of the
transverse walls are too small compared to what is expected from micromagnetic
simulations (see Fig. 2.4). The values of [ are in reasonable range compared to those
obtained in other experiments. On the other hand, the pinning potential width d
becomes too large when the wire width is decreased. In addition to Joule heating,
DW transformation also contributes to the depinning process, which is not included
in the model, which may account for some of the discrepancy.

The dependence of the critical current at the zero field on the current pulse length,
shown in Fig. 5.11 (a), is compared to the 1D model using numerical methods.
As shown in Fig. 5.21, the bifurcation induced depinning is suppressed when the
current pulse length is too short. Numerical calculations are performed to calculate

the pulse length dependence of the critical current at zero field. In order to avoid
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~

w (nm)| state | Hop' | Hop [Hk (Oe)| A (nm) V™ (erg/em”)V" (erg/icm”)] d (nm) | B
Tc | 54 | 54 | 900 | 36 86400 86400 150 | 0.01
Ta | 41 [ 119 | 900 [ 36 65600 190400 | 250 | 0.01

300
Ve | -51 49 | 1550 22 81600 78400 350 0.01
Va | -20 | 120 | 1550 22 32000 192000 250 0.01
200 Tc | -48 | 45 | 1200 30 76800 72000 300 0.004

Ta | -32 70 | 1200 30 51200 112000 350 0.004
100 Te -19 7 1500 23 30400 11200 400 0.001

Table 5.3: Parameters obtained from fitting the analytical critical currents (Egs.
(5.11) and (5.15)) to experimental data.

other depinning process to take place, either normal or oscillatory depinning, a large
pinning potential width is used (d=450 nm). Figure 5.25 shows the minimum u
needed to cause bifurcation induced depinning, or uc, plotted against the current
pulse length using parameters for (a) transverse wall and (b) vortex wall in a 300 nm
wide nanowire. The parameters are shown in the caption. The insets show plots of

the inverse of pulse length against uc. The current density Jo is converted from ug

eMu
uP?

(800 Oe), pp is the Bohr magnetron and P is the spin polarization of the current. P

using the relationship J = where e is the electron charge, M is the magnetization
is set to one for simplicity. The trend agrees with the experimental results.

The dependence of the critical current on the depth of the pinning potential V' is
plotted in Fig. 5.26 for a 100 ns long current pulse. The parameters used are the same
as those in Fig. 5.25 (b). The corresponding zero current depinning fields are plotted
in the top axis. When the potential depth is small (Hpp up to ~10 Oe), the critical
current scales linearly with potential depth. However, for deeper potential wells,
surprisingly, the critical current shows almost no dependence on the well depth[94].
This is consistent with the experimental results shown in Fig. 5.11 (b). Note that
pure thermal activation switching cannot explain the results shown in Fig. 5.11 (b).
However, since the energy barrier of the system, dominated by the demag energy of
the DW located at the nothc, is also temperature dependent, it is diffuclt to apply

Ahrenius law to discuss these results using thermal activated switching.
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Figure 5.25: Numerically calculated critical current Jo, or ue, plotted against the
current pulse length using parameters for (a) transverse wall and (b) vortex wall in
a 300 nm wide nanowire: (a) Hx=1800 Oe, A=36 nm, (b) Hx=750 Oe, A=22 nm.
The pinning potential is defined as V=8x10* erg/cm?® and qy=450 nm. a=0.01, 5=0.
The insets show plots of the inverse of pulse length against u¢.
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Figure 5.26: Numerically calculated critical current Jo, or ug, plotted against the
depth of the pinning potential depth V. 100 ns long current pulse is used to study
the depinning. Parameters used are Hx=750 Oe, A=22 nm, d=450 nm, a=0.01 and

3=0.
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5.6 Observation of oscillatory depinning

5.6.1 Pulse amplitude dependence

Finally, the oscillatory depinning and transformation probability observed in the ex-
periments, as was shown in Fig. 5.15 (a) and (b) for a Vo wall, are discussed. The
oscillation of the depinning probability was first surprising; the DW leaves the pin-
ning center when a short current pulse is applied but remains there when a longer
current pulse is applied. This suggested the possibility that the DW is depinned from
the pinning center after the current pulse is turned off. Later, the one-dimensional
(1D) model revealed the mechanism of this phenomena[75], which conversely proved
the importance of the 1D model. In this section, we investigate these oscillatory
behaviors in detail and compare the results to the calculations from the 1D model.

Data shown are from a 300 nm wide permalloy nanowire with a triangularly shaped
notch located 2 um away from contact line A. The notch depth is ~30% of the wire
width. Figure 5.27 (a) shows the depinning probability map plotted as a function of
the amplitude and length of the voltage pulse. The initial DW structure is a head to
head V4 wall and the applied magnetic field is -12 Oe. Note that the zero current
depinning field is -20 Oe and 120 Oe (see Table 5.2) for this DW. An MFM image
of the V4 wall is shown at the top of the figure for reference. The magnetization
configuration and the applied field direction are shown in the image by white and
black arrows, respectively. The depinning probability oscillates with the pulse length
when a positive voltage is applied. Depinning of the wall is observed when the pulse
voltage is higher than ~0.8 V. On the other hand, for negative voltages, the depinning
probability shows little dependence on the pulse length. Depinning is only observed
when the magnitude of the voltage pulse is larger than ~-1.1 V.

These results can be reproduced by numerically solving the two differential equa-
tions in the 1D model of the DW. Fig. 5.27 (b) shows the depinning probability from
the 1D model using the parameter shown in the caption. The parameters are obtained
by the following method. The anisotropy field Hx and the DW width A are esti-
mated by micromagnetic simulations, as discussed in chapter 2.4 (see Fig. 2.4). For

a 300 nm wide nanowire, Hx=750 Oe and A=23 nm. The pinning potential depth
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and length of the voltage pulse at a fixed field of -12 Oe. The color scale bar shown
in the far right represents the probability. MFM image of the V4 wall is shown on
top. (b) Calculated depinning probability map using the 1D model. (c¢,d) Depinning
probability as a function of a pulse length at fixed field (-12 Oe) and fixed voltage (see
insets) for experiment (¢) and calculation (d). Parameters used in the calculations are
Hyk =750 Oe, A=23 nm, V},;,,=16000 erg/cm?, d = 320 nm, a = 0.008 and 3 = 0.020.
H=-15 Oe is applied to mimic the experimental setup.
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Vpin 1s estimated from the experimentally obtained zero current depinning field Hpp
through the relationship V,;, = HppMg. Since a negative magnetic field is applied
in this case (Hp=-12 Oe), we take the zero current depinning field Hp,p = —20 Oe.
The potential depth V,;, equals 16000 erg/cm?®, assuming Mg = 800 emu/cm?®. The
width of the notch potential d is then estimated using Eq. 5.27, or t,s = g, / %
and substituting the experimentally obtained oscillation period t,s.. d = 320 nm is
obtained from the data. These parameters are used to fit the experimental data with
the fitting parameters being o and 3. A magnetic field of -15 Oe is applied to mimic
the experimental setup. Best fits are obtained when o = 0.008 and 5 = 0.020. See
Ref. [118, 126] for measured damping constant in permalloy films. For clarity, the
depinning probabilities at fixed currents (u) are shown in Fig. 5.27 for experiments

(c) and calculations (d).

Excellent agreement is obtained between the experiment and the calculation. It
is interesting to note that the current direction that causes the depinning in the
oscillatory regime is opposite to what is expected from the spin transfer torque theory.
Since the field is applied in the -x direction, it is expected that electron flowing in
the -x direction (negative pulse voltages) will assist the depinning process through
spin transfer torque. However, the electron flow that exhibits the oscillation of the
depinning probability is in the +x direction (positive voltage), which pushes the wall
in the +x direction. Moreover, the minimum pulse amplitude needed to depin the
DW is lower for the positive voltages (0.8 V) than the negative voltages (-1.1V). The
fact that the DW is depinned from the notch with lower positive voltage pulse also

supports that the depinning occurs after the pulse.

Fig. 5.28 (a) show the field dependence of the depinning probability plotted as
a function of pulse length at fixed voltages. For negative voltage, the depinning
probability abruptly changes from zero to one when the pulse length exceeds a cer-
tain duration (termed ¢}, hereafter). Above ¢}, the depinning probability is nearly
independent of the pulse length. When the field magnitude is increased, ¢t} tends
to decrease, which is the characteristics of the normal depinning. By contrast, for
positive voltage, the average depinning probability changes from zero to one when

the magnitude of the field is increased. Oscillations of the depinning probability are
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Figure 5.28: Field dependence of the depinning probability as a function of a pulse
length at fixed voltages (see insets) for (a) HH and (b) TT T4 wall.

observed in this field range, however, the period tends to increase when the field
magnitude is increased.

To show that the these oscillations are not deriving from the self field from the
current pulse, results from the tail to tail (TT) V4 wall are shown in Fig. 5.28 (b).
The applied field is positive in this case, opposite to that in Fig. 5.28 (a). This is
to match the direction the field pushes the DW (-x in Fig. 5.1) for both HH and
TT walls. As evident from Fig. 5.28, the depinning probability oscillates with pulse
length only when the voltage pulse polarity is positive for both wall types. Thus it is
likely that the self field plays little role in this process. In addition, for the T'T wall,

the dependence of the oscillation period on the applied field is more pronounced.

5.6.2 DC current dependence

Up to this point, the effect of the small dc probe current was neglected. It can be
expected that the depinning probability may change, through spin transfer torque,
when this dc current is increased. The depinning probability of the HH V4 wall is
plotted in Fig. 5.29 (a) as a function of pulse length with different dc current levels.
The voltage pulse amplitude is fixed to 1.1 V and the applied magnetic field is -12
Oe. Note that all of the previous experiments used 0.1 mA of dc current.

In Fig. 5.29 (a), at the lowest dc current, there is little effect on the depinning
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probability when the current direction is reversed. However, as the current amplitude
is increased, the effect becomes significant. For negative dc currents, oscillations
in depinning probabilities are observed at all current amplitudes. The oscillation
period shows little dependence on the current amplitude. In addition, the long pulse
limit of the depinning probability seems to increase as the dc current amplitude is
increased. By contrast, for the positive dc currents, the depinning probability is
nearly suppressed to zero at higher currents. Since the dc current flows in the same
direction as with the current from the voltage pulse, it surprising that the depinning
probability diminishes at higher current, since the total current will be higher. Note
that the current that flows into the nanowire when a +1.1 V voltage pulse is injected

into the nanowire is, without the Joule heating effect, ~ 4+3.8 mA.

Numerical calculations using the 1D model can reproduce these results. Fig. 5.29
(b) shows the calculation results using the same parameter set used in calculating
Fig. 5.27 (b). The agreement between the experiment and calculation is fairly good.
From these calculations, the spin polarization of the current can be deduced, which
is estimated to be P ~ 0.4. The size of the spin polarization of the current in

ferromagnetic materials is still under debate[127, 104, 128].

5.6.3 Reflection from the pinning potential

Oscillations of the depinning probability are also observed for the Vo walls. Figure
5.30 show maps of the depinning probability of HH Vs wall plotted as a function
of the amplitude and length of the voltage pulse. The applied fields are (a) -42 Oe
and (b) 49 Oe. The zero current depinning fields are -45 Oe and 54 Oe (see Table
5.2). Oscillations of the depinning probabilities are observed, however, for the current
direction opposite to the what was observed in the V4 wall. For example, when a
negative field is applied, oscillations of the depinning probability are observed in the
positive voltages for the V4 wall (Fig. 5.27 (a)), whereas the oscillations are observed
in the negative voltages for the Vo wall (Fig. 5.30 (a)). In fact for the V¢ wall,
oscillations of the depinning probability are seen in the current direction where the

electron flow is in the same direction with the pressure from the field on the DW,
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(a) Depinning probability of a HH T4 wall plotted against the pulse

length at selected dc currents. The values of the dc current are listed on the right.
The amplitude of the voltage pulse is fixed to 1.1 V. (b) Calculated dc current (ug)
dependence of the depinning probability. Parameters used in the calculations are
Hyk =750 Oe, A=23 nm, V},;,,=16000 erg/cm?, d = 320 nm, a = 0.008 and 3 = 0.020.
The amplitude of the current pulse is fixed at v = 48 m/s. H=-15 Oe and are applied
to mimic the experimental setup.
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Figure 5.30: Top panels: Depinning probability map of a HH V wall plotted against
amplitude and length of the voltage pulse at a fixed field of (a) -44 Oe and (b) 46 Oe.
MFM image of the V& wall is shown on top. Bottom panels: Corresponding cross
section of the depinning probability as a function of a pulse length at fixed voltages
(see insets).

which is not expected from the 1D model.

We now discuss the origin of the oscillatory depinning observed when the current
pulse is applied in the "wrong” direction. First the trajectory of the DW is calculated
by numerically solving Eqs. (5.1) and (5.2). The colored solid lines in Fig. 5.30 (a)
and (b) show the trajectories of the motion of (a) V4 wall and (b) V¢ wall when
a current of (a) u=30 m/s and (b) u=-22 m/s applied. Magnetic fields of (a) -15
Oe and (b) -50 Oe are applied to match the experimental condition. Colored dashed
lines show the trajectory after the current pulse is turned off at (a) 5 ns and (b) 3.5
ns. The parameters of the Vo wall are estimated using the same method described
above and are listed in the caption. The vertical dotted line represents one edge of
the potential well; the other edge is not shown.

The DW trajectory after the current pulse shown in Fig. 5.30 (a) is the "normal”
oscillatory depinning, as described in Section5.5. The size of the DW trajectory is
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Figure 5.31: (a,b) DW trajectory calculated using the 1D model for (a) V4 wall
(V = 1.6 x 10* erg/cm?®, d=320 nm) and (b) V¢ wall (V = 4.4 x 10? erg/cm?,
d=365 nm). Parameters used for these vortex walls are Hx=750 Oe, A=23 nm,
a=0.008 and =0.020. Magnetic fields of (a) -15 Oe and (b) -50 Oe are applied. The
amplitude and length of the current pulse are (a) 30 m/s, 5 ns and (b) -22 m/s, 3.5
ns. The dashed lines represent the trajectories after the current pulse is turned off.
The vertical dotted line shows one edge of the pining potential. (¢,d) DW trajectory
(total energy) calculated using micromagnetic simulation for (c¢) V4 wall and (d) V¢
wall. The thick black line shows the potential well provided from the notch. For
all panels, the colored and black lines represent the trajectory during and after the

current pulse, respectively.
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amplified after the current pulse, owing to the extra momentum it possesses when the
pulse is turned off, and thereby enabling the depinning process. The DW trajectory
shown in Fig. 5.30 (b) explains the oscillatory depinning on the pulse length for the
"opposite” current direction. After the current pulse is turned off, the trajectory
undergoes half more cycle to depin the DW, compared to the "normal” depinning

case.

The criterions of seeing this effect are: (1) DW trajectory during the current pulse
should not exceed the edge of the pinning potential and (2) the DW should posses
enough momentum when the pulse is turned off so that it can reach the edge of the
potential after half more cycle. Note that since magnetic field is applied, the pinning
potential is tilted for both cases, and thus the DW will never depin from the right
edge of the well.

Micromagnetic simulations are performed to illustrate this effect more intuitively.
The solid black lines in Fig. 5.31 (c¢) and (d) show the energy profile of the notch
pinning potential, £ = owt+ Vs MxHx. o is taken from Fig. 5.4 (c) and (d). Mx is
the x-component of the magnetization and Vs is the total volume of the system (see
Section 5.2 for details). Magnetic fields Hy of (c¢) -15 Oe and (d) -53 Oe are applied
to mimic the experimental setup of Fig. 5.27 (a) and Fig. 5.30 (a), respectively. Note
that the applied magnetic field tilts the potential energy profile.

In the simulation, we first place the DW in interest at the notch and apply the
magnetic field. After the system reaches an equilibrium, zero rise-time step-function
like current of (c) 1.5 mA and (d) -2.0 mA are applied. The energy of the system
E(t) = Eror(t) + Ey during the current application are plotted in colored lines.
The trajectory of the energy undergoes a elliptical motion within the well and heads
toward the center of this ellipse due to Gilbert damping. Note that since the current
direction is opposite in Fig. 5.31 (c) and (d), the sense of rotation of the trajectory
is opposite; it is counter-clockwise in (c¢) and clockwise in (d). The dashed line shows
the energy of the system after the current is turned off to zero at (c¢) 15.4 ns and (d)
4.7 ns.

In Fig. 5.31 (c), the DW heads toward the left side of the potential after the

current is turned off and consequently exits the well. This process illustrates that the
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DW indeed move after the current is turned off. The DW can depin when its energy
level is higher than the local energy barrier located at the edge of the potential well.
The energy the DW possesses when it passes through the local energy barrier depends
on the energy it has when the current pulse is turned off. Depinning occurs for every
half cycles when the DW has high enough energy when the current pulse is turned
off, leading to the oscillation of the depinning probability.

By contrast, in Fig. 5.31 (d), when the current is turned off at the highest energy
point, the DW heads toward the right side of the well. Note that the DW undergoes
a clockwise rotation during the current application in this case. When the DW hits
the right edge of the well, it bounces back into the well and heads toward the left side
of the wall. Note also that because of the applied magnetic field, the potential well
is asymmetric. When the DW has high enough energy to overcome the local energy
barrier at the left edge of the well, it can exit the well. The energy at this point also
depends on the energy when the current is cut off.

It is not clear yet why the Vo wall is the one that shows the oscillation of the
depinning probability in the ”opposite” current direction. We infer that the energy
landscape of the potential well of this wall is suited to cause this effect. Other factors
that are left out here but must be taken into account are the direction of the vortex

core polarity and the effect of the self fields from the current pulses.

5.6.4 Magnetic field dependence

Finally, we discuss the origin of the various oscillation periods observed both in de-
pinning and transformation and in the two wall states V4 and V. In Fig. 5.32; all
oscillation periods observed, both in the depinning (blue squares) and in the trans-
formation (red circles) probability, for (a) V4 wall and in (b) V¢ wall are shown
and plotted as a function of the applied magnetic field Hg. The oscillation periods
depends on the magnetic field.

The periods of DW undergoing one cycle in the well are calculated using micro-
magnetic simulations. First a DW is placed at the notch and magnetic field is applied.

Then a small current is applied (£5001A) to excite the DW. The current is set as
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small as possible (500 pA) to avoid non-linear effects at higher currents. As the cur-
rent is applied, the position of the DW oscillates within the well. For both vortex
walls V4 and V¢, the excitation of the DW are studied for the two core polarities, up
and down. Experimentally, the core polarity is an unknown parameter. At each field,
the periods of the vortex wall with two core polarities and both current directions
are obtained and are all showed together as solid diamonds in Fig. 5.32. Since the
notch breaks the one dimensional symmetry, the oscillation periods are not the same
for the core polarities and for the current directions. The agreement between the
experimental results and the simulations is fairly good.

The inset of Fig. 5.32 (a) shows the oscillation periods of the transformation
probability of the V4 wall plotted as a function of the pulse voltage. At higher
currents, the period increases. This is presumably due to the amplification of the
trajectory at higher current amplitudes, which increases the cycle time.

The solid line represents the estimated oscillation period calculated from the 1D
model and the DW potential energy landscape E shown in Fig. 5.4 (c¢) and (d). The
oscillation period can be derived using the relationship derived in Eq. (5.27). Equa-
tion (5.27) can be rewritten to incorporate the pinning potential profile dependence

of the oscillation period,

_ 27 | 2Myg (%0 -
tose(q) = VJ HoA (8(12) : (5.29)

The values of Hx and A are taken from the Fig. 2.4. The second derivatives of o
(shown in Fig. 5.4 (c) and (d)) with respect to the position of the DW are calculated
and substituted into Eq. (5.29). The position of the DW along the pinning potential
can be converted to the applied magnetic field. This is because when a magnetic field
is applied, the central position of the DW shifts within the well at equilibrium. The
relationship between the applied magnetic field and the position of the DW is

(5:)

H = .
2M

(5.30)

Using Eq. (5.29) and (5.30), the magnetic field dependence of the oscillation period
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Figure 5.32: Oscillation periods of depinning (solid squares) and transformation (open
circles) observed in (a) V4 wall and (b) V¢ wall. Periods from micromagnetic sim-
ulations are shown as solid diamonds, where the periods of corresponding DWs un-
dergoing small amplitude oscillation in the potential well are calculated. Solid line is
the estimated oscillation period from pinning potential profile using Eq. (5.29). The
parameters used are Hx=750 Oe and A=23 nm. Inset: Oscillation periods of the
transformation probability of the V4 wall, plotted against the pulse amplitude.

can be obtained and are plotted as solid lines in Fig. 5.32 (a) and (b).

The period obtained in this manner is the zero current limit of the small ampli-
tude oscillation. If o were to be a perfect parabola, the oscillation period should be
constant against the magnetic field; the variation in the periods represents the devi-
ation of the well from a parabola. The oscillation period predicted from the pinning
potential profile qualitatively agrees with the experimental results and the simula-
tions. However, the values do not agree well, particularly for the Vo walls. This may
be attributed to the uncertainty of the Hx and A values substituted into Eq. (5.29).
The values we obtained from micromagnetic simulations reflects Hx and A for a DW
located in an ideal nanowire without any pinning center. The effects of the pinning

potential on Hx and A are neglected, which are yet to be understood.



108 CHAPTER 5. DEPINNING DW FROM A PINNING CENTER

5.7 Discussion

Depinning DWs from a pinning center turns out to be a very complicated phenomena.
Depending on the applied magnetic field and the current pulse (both amplitude and
length), the DW can depin, transform or remain as it is. In addition, at low magnetic
field, the critical current to depin the DW becomes so high that significant heating
occurs, which adds another parameter to consider, the temperature. For the race-
track memory, the zero field critical current is one of the most important parameters.
Several methods are proposed to reduce the critical current at zero field in permalloy

nanowires.

The first one is to look for a DW structure that has very small Hx and A. In the
bifurcation regime, the critical current is determined by the product of Hx and A.
Comparing the vortex and transverse walls, the product Hx A is significantly smaller
for the vortex walls. However the critical current for the two DWs showed little
difference (see Fig. 5.9). This was explained by (a) the vortex walls transforming into
transverse walls before depinning and (b) the temperature of the nanowire becomes
too high that thermal processes dominate the depinning. Consequently, Hx A is still
too large for the vortex walls to depin at zero field. If HxA can be lowered to a
point where transformation does not take place, it may become possible to observe

bifurcation induced depinning at lower current.

The second possibility, and a more realistic one, is to induce oscillatory depinning
at zero field. This is because the critical current to induce oscillatory depinning is
below the current to cause either normal depinning or bifurcation induced depinning
(see Fig. 5.24 (b)). With regard to the trajectory of the DW for oscillatory depinning,
the DW exits the pinning potential from the edge of the well, as in the normal
depinning case. Thus in order to ensure that oscillatory depinning takes place at low
field, it is important to induce normal depinning at as low field as possible. Intuitively,
from Fig. 5.18, the criteria will be to reduce the width (d) of the pinning potential.

Mathematically, this condition can be found by equating Eq. 5.10 and Eq. 5.14
and find the field a* where the crossover occurs. If a* can be reduced close to zero,

normal depinning can take place at low field. Solving for a* by equating Eq. 5.10



5.7. DISCUSSION 109

and Eq. 5.14 is mathematically possible, but the solution is not readable. To obtain
a simpler formula, Eq. 5.12 and Eq. 5.16 are instead equated to find a*. Although
the generality of the initial conditions are lost, it still gives the dependence of a* on

various parameters. The result is

p(IFWi./WQ—Zl—l—S%Q) (5:31)
21— ) B+ P D) |

To simplify the form, we assume 3 < 1 and neglect terms that are of the order of 3.

a* = prg —

This gives
N pk
at =prg— ———F—. (5.32)
2=+ /)
- v EV A
a Mg 2Msd(—ﬁ + 2MZ§HK)

where k = (F7 £ /72 — 4) is just a constant. H* is plotted as a function of potential
well width using different § in Fig. 5.33. The horizontal dashed line is the zero current
depinning field. H; can be significantly reduced when the well width becomes of the
order of DW width. In addition, large § can contribute to reducing H}. Thus a
narrow pinning potential well, whose width is comparable to the size of the dynamics

DW width, is necessary to reduce the critical current at zero field.
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Figure 5.33: Cross over field H}, i.e. the magnetic field at which the critical current
for normal depinning and bifurcation induced depinning equals, plotted against the
parabolic potential well width d with three different 3. The parameters used in the
calculations are, Hr = 750 Oe, A = 22 nm and V = 8 x 10* erg/cm?. The horizontal
dashed line is the zero current depinning field.



Chapter 6

DW velocity measurements

6.1 Introduction

6.1.1 History of DW velocity measurements

Along with the critical current density that determines the threshold current density
needed to trigger domain wall (DW) motion, the DW velocity is the other crucial
parameter that needs to be known for device applications. With regards to the
racetrack memory, the DW velocity determines the operation speed, or the clock cycle,
of the device. Thus solid understanding of how to control the DW velocity is necessary.
In particular, the speed of current driven DWs is nearly an unknown parameter, only
a few results have been reported. Moreover, the reported DW velocities are orders of
magnitude smaller than what is reported in theoretical predictions.

Since the early 1950s, the DW velocity has been measured in magnetic materials
from bulk to thin films. Most of these measurements relies on optical techniques
based on magneto-optic interactions. In these types of measurements the laser spot
size determines the spatial resolution, i.e. the minimum length scale that can be
probed. Typically the laser spot size ranges from minimum 500 nm to more than
a few microns, which makes it difficult to measure DW velocities in magnetic nano-
structures. The application of bubble domains to memory and logic devices extended

the investigation of DW velocity and numbers of different techniques were introduced
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to measure the velocity, which do not rely on the magneto-optic interactions. One of
the most powerful technique is the extended Sixtus-Tonk method [129, 130]; a method
based on measuring the induced voltage in pick-up coils caused by the change in the
magnetization of the material, or the DW motion. This concept can be applied to
measure DW velocities in magnetic nanostructures, however the device fabrication
and the detection of the small induced voltage remain as difficult tasks.

A more suited approach for measuring DW velocity in magnetic nanostructures
was presented in 1999 from Ono et.al[131]. They used the giant magnetoresistance
(GMR) effect to infer the position of the DW in a 500 nm wide 2 mm long magnetic
wire. Although their devices were 2 mm long due to technical issues of their measure-
ment method, this approach is very attractive for measuring DW velocities in small
structures. However, with regards to measuring current driven DW velocity, GMR
based measurement method faces a problem; a significant amount of current shunting
occurs through the non-magnetic layer, which also causes additional problems such
as the self field (Oersted field from the current passing through the device) effect.

To overcome these issues, we use a single layered magnetic material that shows rel-
atively large anisotropic magnetoresistance (AMR) effect. Contrary to GMR, where
the resistance is proportional to the total magnetization of the magnetic free layer,
AMR provides information of the magnetization configuration of the magnetic layer
through resistance measurements. In soft magnetic materials, such as in permalloy,
the resistance of a patterned nanowire tells whether a DW is located in the section
where the resistance is measured. By monitoring the nanowire resistance in real time,

it is possible to estimate the DW velocity.

6.1.2 Experimental setup

Figure 6.1 shows the scanning electron microscopy (SEM) image of the permalloy
nanowire with the experimental setup laid on top of the image. 100-300 nm wide
permalloy nanowires are used. The nanowire has two straight arms perpendicular
to each other. These arms are connected via a quarter circle whose radius is 3 pm.

Both end of these arms are tapered to a sharp point to prevent the formation of DWs
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Figure 6.1: Scanning electron microscopy image of a permalloy nanowire (horizontal)
and its electrical contacts (vertical lines). (a) A schematic illustration of the real-time
resistance measurement setup is overlaid on the image. (b) Equivalent resistance
network of the measurement setup shown in (a).

outside the contact line [121] and to assist annihilation of any DW that enters this
region. See Fig. 6.13 (a) for the full SEM image of the device. Only the horizontal

arm is used to measure the DW velocity.

High frequency probes are used to make contact to the devices. Most of the data
presented in this chapter are taken with probes of dc-40 GHz bandwidth. The local
field generation method is used to inject a DW into section A-B of the nanowire.
A pulse generator (PG-B, Picosecond Pulse Labs, model 10300B) is connected to
contact line A. A 50 Q termination is connected to the other end of line A. Two types
of measurement configurations are used in this chapter, the pulse generator is either
connected to the upper half of line A or to the lower half of line A. The details of
these two setups are described in the next section. A 6GHz real-time oscilloscope

(Agilent Technologies, model 54855A) is connected to contact line B via a probe.
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6.2 Time resolved resistance measurements

6.2.1 Procedure of detecting moving DWs

The pulse that is injected into line A, whose purpose is to create a DW in section A-B,
splits into two pulses at the intersection of line A and the nanowire. The amplitudes
of the split pulses depend on the resistance ratio of contact line A and section A-B of
the nanowire. In all nanowires, the resistance of the contact line is ~ 80 — 85€). The
resistance of section A-B of the nanowire varies with the wire width; it ranges from
~ 3709 (300 nm wide) to ~ 118092 (100 nm wide). The amplitudes of the voltage
pulse that flow into the oscilloscope (Vs¢) and into the 50 €2 termination (Vo) are

expressed by 7 oy
02VIN

- 2Rp + 3(Rc + ZO)

_ Zy(Rp+ (Re + Zy)2Vin

Vso = (6.2)
(RC + ZO)(QRD + 3(Rc + Zo))

where Rp is the resistance of section A-B of the nanowire and R is half the resistance

of the contact line. See Fig. 6.1 (b) for the definitions of the resistances. Zj is the

Vsc (6.1)

impedance of the transmission line (50 €2). The voltage measured by the oscilloscope
is roughly inversely proportional to the nanowire resistance Rp. Conversely, the
nanowire resistance can be estimated from the measured scope voltage. As the voltage
pulse propagates from line A to B, current flows into the nanowire and the magnitude
of this current is simply Ip = ZyVse. To clarify, the role of the voltage pulse that
is injected from line A is threefold; (1) to generate local magnetic field to inject a
DW into section A-B, (2) to pass a voltage pulse (Vs¢) to the scope to measure the
nanowire resistance and (3) inject a current (Ip) into the nanowire, which turns out
to be affecting the DW velocity. However, as shown in the previous chapter, the
change in the resistance from a magnetized state to a state with a DW present in
section A-B is ~0.2 to 0.3 Q, approximately 0.1% change in the total resistance. To
detect this small resistance change in real time is a challenging task. We thus employ

a background subtraction method to resolve this small signal change.

The background of the signal is removed by conducting two sets of independent
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measurements to capture two traces in the oscilloscope and subsequently subtracting
one from the other. The first set of measurement is to conduct the normal DW
injection procedure, using the local field generation method, and capture a trace
in the oscilloscope. We go over this procedure again to clarify the magnetic field

sequence used here.

First a magnetic field —Hgar, generated by the homemade electromagnet, is ap-
plied in one direction (take -x as an example) to magnetize the nanowire magnetiza-
tion. Then the direction of this field is reversed to a field H to assist the subsequent
injection and propagation of the DW. Note that H is equivalent to H;y; in Chapter
5. With H turned on, the voltage pulse is injected from line A. Consequently, the DW
is injected into section A-B and it will propagate from A to B owing to the driving
force, which can be either H or the current that flows in the nanowire, or both. As
mentioned above, the injected voltage pulse will split into two voltage pulses and one
will reach the oscilloscope to obtain Vse. To avoid any hysteretic effect of the electro-
magnet, the magnetic field is then ramped up to Hgar. This procedure is repeated

over more than 16,000 times to acquire an averaged trace Vs in the oscilloscope.

The second measurement is conducted in the same manner as the first one, except
that the direction of Hgar is reversed. A magnetic field Hgar is first applied to mag-
netize the nanowire. This field is then reduced to H without changing its direction.
The same voltage pulse is injected from line A with H turned on, however, no DW is
injected this time since the generated local field stabilize the magnetic configuration
of the nanowire. The voltage pulse that reaches the oscilloscope now contain no in-
formation of the DW, i.e. it represents the resistance level of the magnetized state.
Again, to avoid any hysteretic effect of the electromagnet, the magnetic field is then
changed to —Hgar. This procedure is also repeated over more than 16,000 times to

acquire an averaged reference trace Vy in the oscilloscope.

Figure 6.2 (a) and (b) show the magnetic field sequence measured using the real
time oscilloscope via the Hall voltage from the Hall sensor attached to one end of
the electromagnet. The field sequences shown are examples of (a) normal procedure
to inject a DW and (b) the procedure to acquire the corresponding reference trace.

The red arrow indicates where the voltage pulse is injected from line A to create
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Figure 6.2: Magnetic fields measured during the DW velocity measurements. The
two panels show the field cycling when (a) DW injection procedure is conducted and
(b) corresponding reference trace measurement is performed. The red arrows indicate
the time when the voltage pulse is injected to create DWs.

the DW. Note that the length of the voltage pulse is 100 ns, orders of magnitude
smaller than the time scale shown in the figure. Conversely, the magnetic field during
the DW injection/propagation process can be regarded as constant, even though the
magnetic field needs ~10 ms to reach the target field due to the inductance of the

electromagnet.

6.2.2 Definition of parameters

Exemplary traces obtained in the oscilloscope using the two measurement procedures
described above are shown in Fig. 6.3 (a). Since the difference between the two traces
Vs and Vg are small, it is difficult to resolve the difference in the two in this plot. The
black solid line in Fig. 6.3 (b) shows the difference between the two, AV = Vg — V.
The non-zero AV represents the signal from the DW; AV is proportional to resistance
difference between the state with and without a DW, which was defined as AR in the
previous chapter. After the pulse is injected at time t=0, the signal AV increases to
a non-zero value for a certain duration 7 and then drops back to zero. This indicates
that the DW is nucleated and injected into section A-B right after the voltage pulse

is injected and being expelled from the region after 7. Since a 16 Oe magnetic field is



6.2. TIME RESOLVED RESISTANCE MEASUREMENTS 117

0.00F
S -0.05}
< -0.10}
-0.15} |

0 20 40 60 80 100
Time (ns)

Figure 6.3: (a) Exemplary traces obtained in the oscilloscope when a DW is injected
into the nanowire (black line) and when no DW exists in the nanowire (blue line).
(b) Subtraction of the two traces shown in (a). The red line is a fit using Eq. (6.3)
and (6.4).

applied while the pulse is injected, the DW is expected to move toward line B after
it is nucleated in section A-B. Thus the drop in the signal corresponds to the DW
leaving section A-B from the side of line B, indicating that it traveled a distance of

nearly 4 pm.

In order to extract useful parameters out of the signal trace AV, we fit the trace

with an analytical formula. The rise and fall part of the AV are fitted to, respectively,

t;

A L t—
A‘/;"ise = §€Tf< ATN ) + AQ (63)
A t—ty
AVia = Terfc( A )+ A (6.4)

The red solid lines in Fig. 6.4 (b) show the fitted curves. Note that the small peak
observed in the AV trace at the end of the voltage pulse (at ~100 ns) is an artifact
of the signal processing. A small jitter can cause this peak since the voltage change
is abrupt at this point. Note that since the oscilloscope is triggered at time t=0, the

time jitter is larger at longer time. It is negligible at the trigger point (at time ¢=0).
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Figure 6.4: Definition of the parameters used in Eq. (6.3) and (6.4).

6.3 Field-driven DW velocity

6.3.1 Influence of current on field-driven DW velocity

In order to investigate the effect of the current on the field-driven DW velocity, we
vary the sign and amplitude of the voltage pulse injected from line A. When a positive
voltage pulse is injected, a positive current flows into the nanowire. Positive currents
are defined as electrons flowing from line B to line A (towards the -x direction). The
definition of x is shown at the top of Fig. 6.5. The current flows are shown by black
dotted arrows in Fig. 6.5 (a-d).

In order to create a head to head (HH) wall in section A-B, a positive local field
must be generated at line A. Positive field is defined as a field pointing toward the
positive x direction. To generate a positive local field using a positive voltage pulse,
the pulse generator and the 50 ) termination need to be placed as shown in Fig. 6.5
(a). To change the current direction that flows into the nanowire, the pulse polarity
needs to be changed. However, the local field generated by the negative voltage pulse
will generate a negative local field when the configuration shown in (a) is used. By
interchanging the position of the pulse generator and the 50 €2 termination, as shown
in Fig. 6.5 (¢), a negative voltage pulse can generate a positive local field, thereby
creating a HH wall in section A-B.

To create a tail to tail (TT) wall in section A-B, now a negative local field needs to
be generated. The experimental setup shown in Fig. 6.5 (b) and (d) allow to generate

a negative local field using a positive and negative voltage pulse, respectively. The
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Figure 6.5: (a-d) Top panels: SEM images of the device with illustrations of the
measurement circuit. The colored thick arrows indicate the magnetization direction
of the nanowire. Dotted black lines and arrows show the current flow in the device.
Dashed colored arrows on the right side show the direction of the local field generated
by the current passing through line B. All four possible configurations, either a HH
DW or a TT DW with positive or negative current flowing in the nanowire are shown.
Bottom panels: Typical signal traces AV (¢) for the fields indicated in each panel. A
voltage pulse, 2.8 V and 100ns long is injected to create a DW in section A-B. Solid
red lines are fits using Eq. (6.3) and (6.4).
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magnetization directions of the domains in the permalloy nanowire are represented
by the colored thick arrows in Fig. 6.5. The white and black vertical lines represent
a HH and T'T DW, respectively.

As an example, data from 300 nm wide permalloy nanowires are shown. The
signal traces AV taken at different fields for both HH and T'T wall are shown in Fig.
6.5 (a-d) as black solid lines. Either 2.8 V or -2.8 V are used to create the DW. For
these voltage amplitudes, a current density of approximately ~ 1.4 x 1034/cm? is
flowing through the nanowire. The red solid lines are fits to the signal traces using
Eq. (6.3) and (6.4). The magnetic field applied during these measurements are listed
on the right side of each trace. In all traces, the rise part of AV seems to be nearly
independent of the field and current direction. On the other hand, the fall part
significantly depends on the magnetic field and the current direction. In each trace,
there are some fluctuations in the AV level, which will be discussed later on. Note
that in some cases, especially when a positive current is flowing in the nanowire (a,
b), AV does not drop to zero and maintain its level after the DW injection, indicating
that the DW does not exit from section A-B. In these cases, the traces are not fitted

and the red lines are simply guides to the eye.

In addition, typically when a T'T wall is injected using a negative voltage (d), AV
changes its value to a non-zero value at t; and maintain this level afterwards. The
change in the AV level can be associated with either a change in the DW structure,
which is proportional to the AR and thus AV, or a distribution in the DW velocity.
Since the traces shown are an average of more than 16,000 injection events, a distri-
bution in the DW velocity exists. It is possible that in some injection process, the
DW did not exit section A-B, leading to a non-zero AV level at the long time limit
(a non-zero A, in Fig. 6.4).

It should be noted that a local magnetic field is also generated at contact line B
when a voltage pulse is passed through the nanowire. The direction of the this local
field is indicated by the colored dotted arrows in Fig. 6.5 (a-d). When the direction
of the local field generated at line B coincides with the direction of the local field
generated at line A, the DW that has propagated through section A-B can exit from
line B with the aid of the local field. On the other hand, when the two field opposes
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Figure 6.6: (a,c) The field dependence of the calculated AR from the signal ampli-
tudes AV. Voltage pulses of 2.8 V (red cirlces) and -2.8 V (black squares) are used
to inject a DW. (b,d) Normalized fall time of the signal traces. Left and right panels
correspond to data from HH and TT wall, respectively.

each other, the propagated DW will suffer from crossing line B due to the local field.
This is the case when a HH wall is created with a positive voltage pulse (a) or a TT
wall is created with a negative voltage pulse (d). The size of the local magnetic field
generated at line B depends on the current that flows into the nanowire. For 300
nm wide nanowires, the local field is 15 Oe when a 1.0 V voltage pulse is injected
from line A. For the cases shown in Fig. 6.5 (a-d), where a £2.8 V voltage pulses
are used, £42 Oe of a local field is generated. However, note that these numbers are
based on a assumption that a homogeneous current is flowing through line B, which
is probably not the case. Thus the estimated field should be regarded as a mean field

that is generated around line B.

The parameters extracted from fitting Eq. (6.3) and (6.4) to the traces are shown
in Figure 6.6. Either 2.8 V or -2.8 V are used to inject a HH or T'T wall. First,
we estimate the AR value of the DW propagating through section A-B from the
amplitude A; of the fall part in the traces. In most cases, A; is proportional to AR of
the DW that propagates through the nanowire. However, as seen in the Fig. 6.5 (d),
when the AV level does not fall to zero after the DW is injected, this is not the case.

The conversion of A; to AR can be done by rearranging Eq. (6.1) and are expressed
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as
ZoVin
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VS C

The field dependence of the calculated AR values are plotted in Fig. 6.6 (a) and

AR = AV

(6.5)

(b) for HH and T'T walls, respectively. When a HH wall is injected using a negative
voltage pulse, AR ranges from ~-0.20 to ~-0.26 at fields higher than 10 Oe. Note
that at even higher fields, the magnitude of AR further increases (see Fig. 6.10 (a)).
For the positive voltage pulses, AR drops to zero below ~35 Oe. This can possibly
be related to the local magnetic field generated at line B, which prevents the HH
wall to go across in this situation (see Fig. 6.5 (a) for the direction of the local field

generated at line B).

To investigate whether the local field generated at line B prevents the wall to go
across, a T'T wall is injected using a positive voltage. In this case, the local field will
aid the wall to go across line B. However, as shown in Fig. 6.6 (b), AR drops to zero
at ~-35 Oe, indicating that the wall does not exit section A-B. Moreover, non zero
AR is observed at even lower fields (-6 Oe to -11 Oe), which cannot be accounted for
by the local field. When a negative voltage is used to inject a TT wall, AR shows a
non-zero value above ~-10 Oe. However, compared to the AR of the HH wall injected
using a negative voltage pulse, the magnitude is lower in the low field region. We infer
that this is caused by the local field at line B preventing the T'T wall to go across line
B, thus reducing the probability that the wall exits section A-B. The drop in AR to
zero in the low field range for the positive voltage cases therefore must be related to

the direction of the current that flows into the nanowire.

The width A7 of fall part, normalized to the mean time 7 = 74 — 7; the DW takes
to exit section A-B, is plotted in Fig. 6.6 for (¢) HH and (d) TT walls. When a

positive voltage is used to inject a DW, the reduction in AR to zero at £35 Oe is
AT

associated with a significant increase in %. In all cases, = seems to increase when

the magnitude of the field is below ~12 Oe.

There are several possible explanations that can account for the finite %. First,
the intrinsic width of the DW clearly leads to a progressive reduction of the AR as the

DW crosses line B. Second, any variations in DW velocity in successive experiments
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Figure 6.7: DW velocity plotted as a function of magnetic field. Various amplitudes
of the voltage pulse are used to inject a (a) HH and (b) TT DW. The open symbols
represent the DW velocity when the corresponding AR is smaller than ~0.1 2. Note
that the experimental setup is limited to measurements above 40 m/s. Velocities
below this limit are shown as zero velocities.

will cause a distribution of the exit times. Another possibility is that the DW profile
might become significantly distorted, for example, due to pinning at defects along the
edges of the nanowire. However, this is unlikely since the measured % would require
very large distortions, distortions larger than the length of the nanowire. Moreover,
this would lead to an progressive increase in the magnitude of AV, which is not

observed.

The DW velocity can be estimated by calculating the following quantity,

L 4pm
v=— &

(6.6)

The dependence of the DW velocity on the magnetic field and the injected voltage
pulse are shown in Fig. 6.7 for (a) HH and (b) TT walls. The open symbols represent
the DW velocity when the corresponding AR is smaller than ~0.1 €2. These points
are representative of traces where the AV level does not drop to zero at the long
time limit (non zero As in Fig. 6.4). Thus it is likely that the open symbols do
not represent the DW velocity and may represent the time the DW transforms into
another wall structure that has a different AR, if any transformation may occur.

Note that the experimental setup is limited to measurements of DW velocities above
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Figure 6.8: Field-driven DW velocities plotted as a function of the current density
that flows through the nanowire. Corresponding magnetic fields are listed on the
right. Left and right panels correspond to data from HH and TT wall, respectively.
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Figure 6.9: The Walker breakdown field (a) and the corresponding DW velocity (b)
are plotted against the current density that flows in the nanowire. Black squares and
red circles represent data for HH and TT walls, respectively.
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40 m/s, since the maximum pulse length is 100 ns. Velocities below this limit are
shown as zero velocities.

As a general trend, the DW velocity first increases as the field magnitude is in-
creased. A maximum in the DW velocity is observed at ~ 10 Oe. Further increase
in the field results in a drop in the velocity. A minimum in the DW velocity is ob-
served at around ~ £20-30 Oe, above which the velocity starts to increase again.
The field at which the velocity peaks is called the Walker breakdown field[132].

To visualize the effect of the current on the DW velocity, the DW velocity at
selected fields are plotted as a function of current density in Fig. 6.8 for (a) HH
and (b) TT walls. For both wall types, the DW velocity increases when the current
density is increased in the negative direction. In most of the field values used here, the
relationship between the DW velocity and the current density is approximately linear.
At higher fields, the relationship seems to deviate from linear. The dependence of the
Walker breakdown field Hy g and the velocity vy at this field are shown in Fig. 6.9
(a) and (b), respectively. The breakdown field shows little dependence on the current

density, whereas vy g shows non-linear dependence on the current density.

6.3.2 High field velocity

It is interesting to measure how fast the DW travels along the nanowire when the
magnetic field is increased. Figure 6.10 (b) shows the DW velocity plotted as a
function of magnetic field in a different 300 nm wide nanowire. The black squares
(HH wall) and red circles (TT wall) represent the DW velocity when current densities
are £1.5 x 10% A/cm?, respectively. Although the velocity is not a linear function
of the magnetic field, it increases up to ~800 m/s when the field exceeds 120 Oe.
At higher fields, the difference in the velocity between positive and negative current
density seems to diminish. The associated AV (A; in Fig. 6.4) are plotted versus
magnetic field in Fig. 6.10 (a). Interestingly, AV shows a significant increase at
higher fields.

Micromagnetic simulation reproduces the non-linear relationship between the DW

velocity and the magnetic field. Figure 6.10 (c¢) show the DW velocity calculated from
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Figure 6.10: (a) Amplitudes of the signal traces AV (or A; in Fig. 6.4) and (b) DW
velocity plotted as a function of magnetic field. The current density flowing through
the nanowire is +1.5 x 1084/cm?. (c) DW velocity calculated from micromagnetic

simulations. The background color and the numbers indicate regions with different
propagation mode.



6.3. FIELD-DRIVEN DW VELOCITY 127

micromagnetic simulation. Simulation is conducted on a 4 um long 300 nm wide 10
nm thick permalloy nanowire with a moving boundary condition employed[96]. The
Gilbert damping constant is set to 0.02. The initial wall structure is a vortex wall.
The DW velocity is calculated by first simulating the time it takes to travel 4pym. The
velocity is deduced by dividing the distance 4um by this travel time. From the simu-
lations, the non-linear relationship derives from the change in the propagation mode
that occurs at certain fields. The colors in the background and the symbols on top
represent the propagation mode. When the field is below the Walker breakdown field,
in region 1, the DW propagates along the nanowire maintaining its vortex structure,
whereas in region 2, the structure changes from vortex to transverse wall during the
propagation. Note that the transverse wall does not change its structure afterwards.
Thus the Walker breakdown field (the boundary of region 2-3) is the breakdown field
for the transverse wall. The breakdown field for the vortex wall is the boundary of
region 1-2. When the field is above the Walker breakdown field, the structure change
becomes periodic. For example, in region 3, the structure changes periodically be-
tween vortex wall and transverse wall. At higher fields, more complicated structures
get involved. The DW structure also gets distorted at higher fields, which explains
why AR increases at higher fields.
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Figure 6.11: (a-d) DW velocity of a NiFeCo nanowire plotted as a function of magnetic
field. The current density flowing through the nanowire is ~ +0.2 x 10® A/cm?. The
width of the nanowire are indicated at the bottom left of each panel. Data from the
NiFeCo nanowires are only shown in this and the next figure.

6.3.3 Wire width dependence

According to micromagnetic simulations, the non-linear dependence of the DW ve-
locity on the magnetic field derives from the changes in the DW structure during its
propagation. Thus it can be expected that by changing the size of the nanowire, dif-
ferent DW structures can be involved during the DW propagation and consequently
changes the field driven DW velocity.

Figure 6.11 (a-d) show the nanowire width dependence of the DW velocity versus
field. The data shown here are from nanowires patterned from a film of SiOx/30
nm MgO/14 nm NigsFeypCo15/15 nm Ru. The nanowire is 22 pm long and the
width varies from 300 to 600 nm. DW velocities are measured at current densities of
+0.2x10% A/cm?. Discontinuities in the DW velocity are observed at higher fields. As
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Figure 6.12: The Walker breakdown field (a) and the corresponding DW velocity
(b) are plotted against the width of the NiFeCo nanowire. Black squares and red
circles represent data for negative and positive currents flowing through the nanowire,
respectively.

the nanowire width is increased, this discontinuity in the DW velocity becomes more
pronounced. In addition, the field at which the discontinuity is observed becomes
smaller when the width is increased. This can be explained by assuming the cause in
the discontinuity is due to a change in the DW propagation mode. As the nanowire
width is increased, it requires less field to accommodate a different wall structure that
occurs in the next propagation mode.

The dependence of the Walker breakdown field Hy g and its maximum velocity
vwp on the nanowire width is shown in Fig. 6.12 (a) and (b), respectively. The
breakdown field shows a slight dependence on the wire width, whereas the maximum

velocity is nearly independent of the width.

6.4 Current driven DW velocity

In Fig. 6.7, when a DW is injected into section A-B using a high amplitude negative
voltage pulse, a non-zero DW velocity is observed. The estimated AR is also non-
zero near zero field, as shown in Fig. 6.6 (a) and (b), thus indicating that the DW is

driven out from section A-B. The applied field is too small to cause DW motion since
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Figure 6.13: SEM images of the device with illustrations of the measurement circuit.
Labels A, B and C are for the contact lines. The box labeled dc includes both a
current source and a voltmeter connected in parallel. Solid arrows represent the
portion of the permalloy nanowire where the resistance is measured: (a) A-B and (b)

B-C.

it is below the propagation field, the minimum field required to move a DW along
the nanowire (~5 Oe). Therefore it is reasonable to expect that the DW was driven
out from section A-B by current. In this section, we explore this current driven DW

velocity in details.

6.4.1 Quasi-static velocity measurements

We first investigate whether the DW indeed travels ~4um and exits section A-B from
the side of line B, when driven by current. To do this, we make use of the 90 degree
corner of the permalloy nanowire and study the current driven motion in a quasi-static
way. In quasi-static measurements, we use nanosecond long pulses to inject and move
a DW, but measure the dc resistance of the device using voltmeters. Figure 6.13 (a)
and (b) show the full SEM image of the permalloy nanowire with the experimental
setup overlaid. Two different sets of measurements are conducted. In both cases, the
local field generation method is used to inject a DW into section A-B of the nanowire.
A magnetic field H is applied, if any, during the voltage pulse application. Note that
this field (H) corresponds to Hyyy in Chapter 5.

First we measure the probability P4p of injecting a DW in section A-B of the

nanowire. The experimental setup shown in Fig. 6.13 (a) is utilized to study the
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effect of the current on P4g. Pap is found by repeating 50 times the injection pro-
cedure using the local field generation method. The resistance difference between
the magnetized state (Rgar) and the state after the injection procedure (R;), i.e.
AR = R; — Rgar, is used to find whether a DW is injected into section A-B. (AR
is equivalent of AR; in Chapter 5.) Voltage pulses that are 100 ns long and +2.8 V
are injected from line A to generate the local fields as well as to inject current into
the nanowire. Injection of both head to head (HH) and tail to tail (TT) walls are

investigated.

Black symbols in Fig. 6.14 (a-d) show the probability P4p. For positive voltages,
DWs are found in section A-B with near certainty, for both HH and TT walls, when
|H| < 5 Oe. Fields outside this range exceed the DW propagation field along the
nanowire so driving the DW out of this section. This is also true for negative voltages
but, in the latter case, a significant drop in Psp is observed close to zero field. One
likely explanation is that the DW nucleated in the wire is driven out of section A-B

by the current.

In order to validate this possibility we perform a second type of measurement in
which we probe the probability Pgc of finding the domain wall in section B-C. The
experimental setup shown in Fig. 6.13 (b) is now used to measure Pgc. Owing to the
502 termination connected to line B via the bias tee, there is nearly no pulse currents
flowing into section B-C. Thus if the DW is driven out from section A-B and enters
section B-C, it will come to rest. The red circles in Fig. 6.14 (a-d) show Pgc when a
100 ns long +2.8 V voltage pulses are applied from line A to inject a DW in section
A-B. These experiments confirm our hypothesis that the DW is indeed driven into

section B-C, as discussed in detail below.

We first consider the case when a negative voltage pulse is used to create a HH
DW. Values of Pg¢ close to one are observed near zero field, coincident with the dip
in Pyg. This indicates that the DW was indeed driven by current alone from line
A to section B-C. Note that the current density that flows in the nanowire when a
-2.8 V pulse is applied is ~ —1.4 x 10® A/cm?. On the other hand, no such effect
was observed for the TT DW case. As described previously, when the voltage pulse

is injected from line A and passes through the nanowire and line B, a local magnetic
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Figure 6.14: Top images: SEM images of the device with illustrations of the measure-
ment circuit. The colored thick arrows indicate the magnetization direction of the
nanowire. Dotted black lines and arrows show the current flow in the device. Dashed
colored arrows on the right side show the direction of the local field generated by the
current passing through line B. All four possible configurations, either a HH DW or a
TT DW with positive or negative current flowing in the nanowire are shown. Bottom
panels: Probability of injecting a DW into section A-B (black squares) Psp and B-C
(red circles) Ppc are plotted as a function of the field (H). All four possible configu-
rations, either a HH DW or a T'T DW with positive or negative current flowing in the
nanowire are shown. A 100 ns long pulse is used in all cases. Dotted arrows represent
the current flow, whereas the solid arrows represent the magnetization configuration.
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field is generated at the vicinity of line B. For the case of TT wall injected using a
negative voltage pulse, the local field at line B will prevent the DW from crossing.
Thus, we infer that the TT DW is driven by the current close to line B, but that it
is pinned to the left side of line B due to this local field. Note that we estimated this
field, using crude assumptions, to be ~40 Oe when a -2.8V pulse is used, which is
larger than the propagation field (~ 5 Oe)of the nanowire but significantly smaller
than the DW nucleation field.

Finally, in all cases, regardless of the DW type or the voltage pulse polarity, when
the magnitude of H exceeds the propagation field in the nanowire, and when the
direction of H is such that it drives the DW towards section B-C (i.e. positive H for

HH and negative H for TT), then Ppc jumps from zero to one.

The measurements above, using 100 ns long pulses, clearly show that in zero field
the injected DWs move ~4 pum under current. By determining the minimum length
of the pulse required to move the DW out of section A-B we can determine the DW
velocity. In other words, when the pulse is too short the DW is trapped in this
section. Under these circumstances two distinct values of AR are found when a DW

is trapped in section A-B.

Fig. 6.15 shows histograms of AR when two different voltage pulses with ampli-
tudes of -1.8V and -2.8V are used to inject a DW into section A-B. The histograms
counts all experiments done with voltage pulse length varying from 1-20 ns. The two
AR states correspond to two different DW states which are inferred as being vortex
(AR ~ —0.392) and transverse wall (AR ~ —0.232). Since no artificial pinning site
(notch) is patterned along the nanowire, the chirality of the DW cannot be inferred
from the the size of AR. The pulse length dependence of P4g can be measured for

both domain wall types by identifying them from AR.

Figure 6.16 show maps of the probability of a transverse wall (a,c,e) and a vor-
tex wall (b,d,f) being remained in section A-B (P4p) plotted as a function of pulse
amplitude and length. The applied field H are shown at the right edge of each map.
The right and left panels correspond to HH and T'T DWs, respectively. In all field
range, when a positive voltage pulse is used, a transverse wall remains in section
A-B, regardless of the length of the pulse. Note that below ~ +1.8 V., no DW is
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Figure 6.15: Histograms of AR when -1.8V (black line) and -2.8V (red line) voltage
pulses (1-20 ns long) are used to inject a DW into section A-B. Corresponding DW
structures, vortex (V) and transverse (T) walls are labeled with symbols.

nucleated since the local field generated at line A becomes too small to nucleate a
reversed domain below this voltage amplitude. For the negative voltage pulses, Pap
shows dependence on the pulse length and magnetic field. At zero field, in a nar-
row amplitude window just above -1.8 V, a transverse DW is trapped in section A-B
with very high probability, independent of pulse length. For higher amplitudes vortex
DWs are found in section A-B up to pulse lengths of ~25-30 ns above which no DW
is found. We thus surmise that the vortex DWs are driven out by sufficiently long
voltage pulses. At higher fields (large in magnitude), the probability of a transverse
wall being trapped becomes higher at higher voltage amplitudes. On the other hand,
the maximum pulse length where the vortex wall being trapped becomes shorter. It
is not clear why transverse walls are trapped at higher fields. Two possible scenarios
can be considered, either a transverse wall is nucleated and trapped, or a vortex wall
is first nucleated but then is transformed into a transverse wall during its subsequent

propagation, and is then trapped.

The vortex wall velocity is estimated from the minimum pulse length needed to
drive the DW out from section A-B. In order to determine the minimum pulse length,
the pulse length dependence of P4p is fitted to the complementary error function
formula, as expressed in Eq. (6.4). Examples of line sections through the probability
maps of the vortex wall at fixed voltages are shown in Fig. 6.17 (a-c). Fits to the
data using Eq. 6.4 are shown as the blue lines. Note that the times the DW enters
section A-B in these plots are slower compared to those in Fig. 6.5. The origin of

this difference is not clear, however, since AR is measured long after the voltage
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Figure 6.16: (a-f) Injection probability (P4p) maps for transverse walls (left panels)
and vortex walls (right panels) plotted against the amplitude and length of the voltage
pulse. The color scale represents the probability. The applied magnetic fields are
indicated in each panel. The wall types are (a,c,e) HH and (b,d,f) TT walls.
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Figure 6.17: Injection probability P4p of a HH vortex wall plotted against the pulse
length with various pulse amplitudes, -2.0 V, -2.8 V and -3.5 V. Blue lines are fits to
the data using Eq. (6.4).

pulse is injected, the time the DW enters section A-B estimated from the quasi-static
measurements (Fig. 6.17) may not represent the true values. Thus it is safer to take
the values from Fig. 6.5 for the starting point, which can be approximated as time
zero, i.e. set t; = 0 in Eq. (6.6). The dependence of the vortex wall velocity on the
pulse amplitude is plotted in Fig. 6.18 for (¢) HH and (d) TT DWs, respectively.

In addition, the average probability of the vortex wall being trapped in section
A-B (P4p) is plotted as a function of the pulse voltage at different fields in Fig. 6.18
for (a) HH and (b) TT DWs, respectively. These values are taken from the fitting
parameter A; in Eq. (6.6). Note that this average probability does not represent the
probability of current driven DW motion, it is proportional to the number of events
that a vortex wall is injected into section A-B.

In each case the velocity increases as the current density is increased to J ~
—1.5 x 1084 /cm?, above which a slight drop is observed. Both HH and TT DWs
exhibit similar velocities, indicating that the wall motion is not significantly affected

by the self fields created by the voltage pulse.

6.4.2 Time resolved velocity measurements

Thus far, using the quasi-static measurements, we have confirmed that the DW is

indeed driven by current over a distance of ~4 pm. The quasi-static measurements
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Figure 6.18: (a,b) Probability P4p to inject a (a) HH and (b) TT vortex wall into
section A-B of the nanowire. (c,d) Vortex DW velocities for (¢) HH and (d) TT DWs
plotted against the voltage pulse amplitude with various magnetic fields close to zero.
Corresponding current density that flows into the nanowire are shown at the top of
each panel.

also indicates that the DW driven by current has a vortex structure. We next study
in detail these current driven DW (vortex) motion using the real-time resistance
measurements.

The black solid lines in Fig. 6.19 show the signal traces AV taken at different
fields close to zero for both (a) HH and (b) TT wall. Voltage pulses that are 100 ns
long and -2.8 V high are used to inject the DW. The red solid lines are fits to Eq.
(6.3) and (6.4). See Fig. 6.4 for the definition of each parameters. For small and
zero fields the signal is nearly constant before decreasing, after a time ¢y, to zero. At
higher fields the signal is more complex. In particular, the signal decreases during
the DW’s motion along the wire which might be indicative of transformations in the
DW state and/or distributions in the DW’s velocity. Furthermore, in an intermediate
field regime the signal decreases to a non-zero value A (see 4 Oe trace in Fig. 6.19
(a)).

The amplitudes A; and A, are defined to represent, respectively, the approximate
probability of a DW exiting or remaining in section A-B of the nanowire. In general,
A; and A2 can be compared to P4p and Psp in the quasi-static measurements,

respectively. A; and A, are plotted in Fig. 6.20 as a function of the applied field H
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Figure 6.19: Typical signal traces AV (t) for the fields indicated in each panel. The
voltage pulse is injected at t=0. A voltage pulse, -2.8 V and 100 ns long, is used
to inject (a) HH and (b) TT DW. Corresponding current density that flows into the
permalloy nanowire is ~ —1.4 x 1084 /em?. Solid red lines are fits to the data using
Eq. (6.3) and (6.4).
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Figure 6.20: Amplitudes A; and A,, defined in Eq. (6.4) (see Fig. 6.4 for details),
plotted as a function of the applied field. -2.8 V 100 ns long voltage pulse is used to
inject (a) HH and (b) TT DWs. A; and A2 can be compared to P4p and Pap in the
quasi-static measurements, respectively.
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Figure 6.21: (a,b) Probability of (a) HH and (b) TT DWs exiting section A-B, or
A1112 1 Eq. (6.4), plotted against the current density flowing through the nanowire
at various fields near zero. (c,d) DW velocity near zero field plotted versus the current
density. Velocities of (¢) HH and (d) TT DWs are shown. Error bars represent 7

in Eq. (6.4), where and v is the DW velocity.

for both (a) HH and (b) TT walls. These data show that the probability of a DW
exiting section A-B (proportional to A;) is high in a narrow field range near zero

field, consistent with the quasi-static results, as shown in Fig. 6.14 (c) and (d).

The DW velocity is plotted as a function of current density in Fig. 6.21 for (a)
HH and (b) TT DWs at three different fields. The field values are within the field
range where A; is high. The DW velocity is estimated using Eq. (6.6). In good
agreement with the quasi-static results (Fig. 6.18) the DW velocity increases as the
current density is increased up to J ~ —1.5 x 108 A/cm?, above which a slight drop
is observed. A maximum DW velocity of ~110 m/s is observed in zero field. A
slight drop in the DW velocity at the highest current density is observed both in the
quasi-static and the real-time measurements. One possible explanation for the drop
may be Joule heating, although the maximum temperature reached is only ~130K
at the highest current density. Another possible explanation is a change in the DW
propagation mode analogous to the field induced Walker breakdown phenomenon, as
described in Ref. [56].
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6.4.3 Velocity of moving DW versus DW at rest

In all these experiments, the DW is injected into the nanowire with the aid of the
local field generated around line A. First, it is important to estimate the contribution
of the local field on the current driven DW motion. As can be seen in Fig. 3.7, the
local field drops rapidly below the propagation field (~5 Oe) within ~300-450 nm.
This indicates that the DW can travel a maximum distance of ~450 nm without the
aid of current if one assumes that the DW stops moving when the local field is below
the propagation field. Thus the net distance the DW travels with current and without
the aid of field is minimum ~3500 nm, roughly 10% shorter than the full distance it
travels.

The current driven velocity measured here are much higher than those which
were previously reported in permalloy nanowires [36, 38]. It is possible that this
discrepancy may be due to differences in the roughness of either the edges or the
surfaces of the nanowires, arising from differences in the method of fabrication of the
nanowire (lift-off versus ion-milling used here) and the under- and over-layers used
here to promote smooth nanowire surfaces.

Another possibility arises since there is a difference in the initial state of the DW.
In the previously reported velocities, the DW is initially at rest when the current pulse
is applied. On the other hand, here the initial state of the DW is moving when the
current pulse is applied due to the local field. Thus it is interesting to study whether
a DW initially moving, due to the aid from the local fields, or initially at rest will
have a different velocity when driven by current. Again, quasi-static measurements
are performed to investigate this point.

The experiments carried out are basically the same as those described in Chapter 5.
Figure 6.22 shows the SEM image of the nanowire with the experimental setup laid
on. A pulse generator (PG-B1, Picosecond pulse labs, model 10300B) is connected to
line A to generate the local field so as to inject a DW into section A-B. Another pulse
generator (PG-B2, Picosecond pulse labs, model 10300B) is connected to line B via a
bias tee. This pulse generator is used inject a current pulse into the nanowire, which
may result in driving the DW out from section A-B. The nanowire width is 300 nm

and no pinning centers (notches) are patterned along the nanowire.
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Figure 6.22: SEM images of the device with illustrations of the measurement circuit.
Labels A and B are for the contact lines. The box labeled dc includes both a current
source and a voltmeter connected in parallel.

The configuration shown in Fig. 6.22 can create a head to head (HH) wall in
section A-B when a negative voltage pulse is injected from PG-B1. Negative pulses
can push the DW towards line B (see Fig. 6.14 (c)). The amplitude of this voltage
pulse is set to -2.8 V. No magnetic fields are applied during the injection process,
i.e. H ~ 0. By varying the length of this injection voltage pulse, we can control the
position of the DW within section A-B, assuming that the DW velocity is constant
throughout the pulse application. The state of the DW, whether vortex or transverse,

is studied by measuring the resistance level (AR;) of the nanowire.

A second voltage pulse is then generated from PG-B2 to inject a current pulse into
the nanowire. The amplitude and length of this voltage pulse is varied. Again, no
magnetic fields are applied during the pulse application. The resistance level of the
nanowire (ARy) is measured after the pulse to study whether the DW is driven out
from section A-B. This process of injecting a DW with the first pulse and attempting
to move it with the second pulse is repeated 50 times to obtain the probability of DW
motion. Since the second pulse is applied 90 ms after the first pulse, it is reasonable
to assume that the DW is at rest when the second pulse hits the DW.

The probability maps of moving the vortex wall with current pulses are plotted
in Fig. 6.23 as a function of first and second voltage pulse length. We define the
pulse length of the first and second voltage pulses as t; and t,, respectively. Maps are
plotted for various amplitudes of the second voltage pulse, where the amplitudes are

indicated on top of each map. Ideally, the vertical axis is proportional to the distance
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Figure 6.23: (a-e) Probability maps of a HH vortex wall exiting section A-B plotted
against the lengthes of the first and second voltage pulse. The amplitude of the first
pulse is -2.8 V and that of the second pulse is indicated in each panel.

the DW travels with the first injection pulse. The lateral axis then represents the time
needed to move the DW out from section A-B. With regard to the second voltage
pulse, positive pulses drive the DW towards line B, whereas negative pulses push the
DW towards line A, according to spin transfer torque. The direction of the electron
flow is shown in Fig. 6.24 for positive (a) and negative (b) voltage pulses from PG-B2.
When the amplitude of the second voltage pulse exceeds +0.8 V| transitions in the
probability from 0 (blue) to 1 (red) are clearly observed. This indicates that the DW
at rest indeed can be moved with current.

For positive pulses, the transition point occurs for shorter ¢, when ¢; is increased.
Since the first pulse and the second pulse drives the DW in the same direction, we
expect the DW to leave from line B-end. In Fig. 6.24 (a), the transition points in the
maps are plotted for various (second) pulse amplitudes. The relationship between ¢,
and t, in this figure is linear, indicating that the DW velocity is constant during the
current pulse application.

For negative pulses, the opposite behavior is observed; as t; is increased, it requires
longer ¢35 to move the DW out. This is consistent with the picture that the first pulse
drives the DW toward line B and the second one pushes it back to line A. Thus it
is expected that the DW exits from line A-end. Fig. 6.24 (b) plots the transition

points in the maps for various (second) pulse amplitudes. The ¢;-t5 relationship is
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Figure 6.24: (a,b) SEM images of the device with illustrations of the measurement
circuit. The colored thick arrows indicate the magnetization direction of the nanowire.
Dashed colored arrows on the right side show the direction of the local field generated
by the current passing through line B. The voltage pulse injected from line B is (a)
positive and (b) negative polarity. The directions of the electron flow are shown by
white arrows. (c,d) The pulse length needed to complete a HH vortex wall to move
out from section A-B when the amplitude of the first voltage pulse is (c) -2.8 V and

(d) 2.8 V. Data from various amplitudes of the second pulse are plotted.
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not as clear as that shown in (a), however, it is clear that the trend is opposite. The
oscillations in the probability observed when -2.2 V voltage pulses are injected to
move the DW out may be due to the local field generated at line A when the second
voltage pulse is applied.

These observation are consistent with spin transfer torque driven DW motion and
agrees with the assumption that the DW velocity is constant during the current pulse

application.

6.5 Analytical analysis using the 1D model

6.5.1 Model description

The one dimensional (1D) model can be used to interpret the dynamics of a domain
wall (DW) motion. The objective of this section is to derive an analytical form for
the DW velocity. We start from the differential Eqgs. (2.29) and (2.30) introduced in
Chapter 2. In this chapter, we study the case where no local pinning center exists
along the nanowire, i.e. DW motion in an ideal nanowire. The pinning parameter
is therefore set to zero (p = 0) in Eq.(2.29) and (2.30). The transverse field terms
are also neglected, i.e. a, = 0 and a, = 0. To simplify the equations, we introduce
two new parameters that are constant (time independent), by = a + v + v/a and
by = a+ v — av. Thus Eq.(2.29) and (2.30) can rewritten as,

(1+ a?)i = aby + sin 21 (6.7)
(14 a?)) = by + asin 20 (6.8)

6.5.2 Stability of DW motion

We first study the field driven motion of DWs. In order to obtain an intuitive picture
of how the DW travel along a ideal nanowire, the differential equations (6.7) and
(6.8) are solved numerically. Figure 6.25 shows the numerically calculated temporal
evolution of the position and angle of a DW. Magnetic field of (a) 4 Oe, (b) 10 Oe

and (c) 20 Oe are applied. Current is set to zero in the calculation. At small fields,
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Figure 6.25: (a-c) Numerical calculation results showing the temporal evolution of the
angle (top panels) and the position (bottom panels) of the DW. The applied magnetic
field is indicated at the bottom right of each panel. Note that the scale of the angle is

different for each panel. The parameters used are: Hx=1800 Oe, A=36 nm, a=0.01,
£6=0, u=0.

the position of the wall increases linearly with time and the angle saturates at long
time. On the other hand, at high fields, the position as well as the angle periodically
oscillates with time. The transition from linear time dependence to oscillatory time
dependence of the DW position indicates change in the stability of the solutions of
Egs. (6.7) and (6.8).

To gain insights into the field driven DW motion, we use the linear stability
theory to first analyze Eqs.(6.7) and (6.8). By rearranging Eqs.(6.7) and (6.8), we
define functions f(x,) and g(x,1) as

T = N —|—1a2 (aby +sin2¢)) = f(x, ) (6.9)
= a2 (by + asin 2¢)) = g(z,v). (6.10)

The above two differential equations are assumed to have equilibrium solutions (., ¥ ),
i.e. f(xe,1be) = 2. =0 and g(zs, 1) = 1, = 0. A small perturbation (u < 1,v < 1)
is applied around the equilibrium solution to examine the stability of (x., ). Sub-
stituting (z,v%) = (2. + u, Y. + v) into Eq.(6.9) and (6.10) gives f(ze + u, e +v) =0
and g(x. + u, Y. +v) = v. Note that since z, and 1), are equilibrium solutions, 2, = 0

and v, = 0. Expanding f(z. + u, . +v) and g(z. + u, . + v) around (z.,.) and



146 CHAPTER 6. DW VELOCITY MEASUREMENTS

90 (a) :

> 10 Oe
T 451 9 Oe
o~

0 . 60e

200F ' ' ' '

= (b) 90e 50e
2100l 10 Oe|
O

00700 200 300 400 500

Time (ns)

Figure 6.26: Numerical calculation results showing the temporal evolution of the
angle (a) and the position (b) of the DW. The applied magnetic field is indicated for
each colored line. The parameters used are: Hx=1800 Oe, A=36 nm, a=0.01, =0,

u=0.

keeping terms that are linear in u or v gives

= f (e + e +0) = 15062 cos(20).)v (6.11)
0 =g(Te + u, e +v) >~ — . _2|_O;2 cos (29, )v (6.12)

The differential equations (6.11) and(6.12) can be solved exactly. In order to have
solutions that do not diverge, cos(2¢,) > 0 in Eq. (6.12). This sets the stability

condition for (z.,.), that is,

nmw
2

+ + % (6.13)

< tpe <

N
N

where n is an integer. In other words, instability occurs when 1, takes values that

are out of the range shown in Eq. (6.13). The saddle point ¥ is therefore given by

s nm
=

bi=gE (6.14)

To illustrate the instability that occurs when 1 exceeds 97, Fig. 6.26 shows the
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Figure 6.27: Numerical calculation results showing the temporal evolution of the
angle of the DW. The applied magnetic field is indicated for line. The background
colors represent the stability of the angle, red and blue represent stable and unstable
angles, respectively. The parameters used are: Hx=1800 Oe, A=36 nm, «=0.01,
£6=0, u=0.

numerically calculated temporal evolution of the angle and position of a DW at three
different fields. When the angle 1 is below 45 deg, i.e. below the stability range shown
in Eq. (6.13), the angle saturates and the position increases linearly with time. As
soon as 1Y exceeds 45 degree, the angle rapidly increases and the position oscillates
with time (see the blue solid lines). Figure 6.27 shows the numerically calculated
temporal evolution of the position of a DW at another three different fields. At
these fields, the position oscillates with time. The stabile and unstable region of ¥
values from Eq. (6.13) are shown in Fig. 6.27 as red and blue background colors,
respectively. The boundaries between the red and blue regions represent the saddle
points. It is clear that in all cases, the saddle point is the same regardless of the
magnitude of the field.

From Fig. 6.26, the instability occurs when the magnetic field is above 10 Oe. To
find the this critical field, . is substituted into Eq.(6.8). Using ¢, = 0, values of b,

that correspond to stable v, as shown in Eq. (6.13), are expressed as

a by > —a. (6.15)
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When by takes value outside the range shown above, instability occurs in the solu-
tion.This is also apparent from Eq. (6.8) since sin 2y cannot take values larger than

1 and smaller than -1. Substituting the original parameters gives
a—P-—aw>a>—a—(f—a)w (6.16)

which shows the fields within the stability range. The field at which the instability
occurs is called the Walker breakdown field. The equal sign in Eq. (6.16) represents
the saddle point in a, which is equal to the Walker breakdown field,

awp = a+ (a— P (6.17)

6.5.3 Field driven DW velocity

Next we look for the time average DW velocity < & >. We start from Eq.(6.8) since
it only contains one variable, 1. This differential equation can be solved exactly by
integration. However, one needs to assume by — a:sin(2¢)) # 0 to do the integration.
In the instability range (by > «), this condition will automatically be satisfied. Thus

we start from the integrating Eq.(6.8) assuming by > «. Direct integration gives

(1) = arctan (1(a — /b3 — a2 tan(i'bQ_OCQT + C’g))) (6.18)

bg 1"‘0&2

where Cj is a constant. Since ¢ periodically evolves in the instability regime, we
calculate the time needed to change v for one cycle. In Fig. 6.27, in order to complete
one cycle, ¥ has to go through one stable (red region) and one unstable (blue region)

regime, which adds up to 180 degree. The period At of 1(7) to complete one cycle

us

can be estimated by, for example, calculating the time needed to change ¢ from —7

to 7. Substituting ¢ = £7 into Eq. (6.18) gives

AT = +m——— (6.19)
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where the + sign stands for by > 0 (+) and by < 0 (—). The periodic change in
is associated with the oscillation in the position of the DW (see Fig. 6.25 (b)). The
change in the position (Az) when ¢ completes one cycle can be estimated from Eq.
(6.7). Equation (6.7) is integrated using the substitution sin(2¢)) = L (b, — (1 + a?)1))
from Eq. (6.8). The integration limit is taken from 7 = 7y to 7 = 75, where 7y(2) are
defined, respectively, as the start and end time of one cycle, or AT = 7, — 77. The

result is

Ar=a(m) —a(m) = U0 oy L) —em). (620)

AT can be substituted from Eq. (6.19) into (15 — 71). Note that, by definition,
(1) — 1(m) = m. Thus the distance the DW travels when 1 changes over 180

degree is,

by +b
WLQ/O‘ _T (6.21)
b3 —a2 @

Ax =

In order to obtain the average DW velocity < & >, we divide Equation (6.21) with
Ar, or with Eq. (6.19). The result is

. Az ab + b/« b3 — a?
<L >=— = . 6.22
v AT 1+a? * a(l+a?) (6.22)

a+ fv—av)? —a?

a(l +a?)

< T >= ;(a—i-ﬁv):F\/(

where the F sign stands for by > 0 (=) and by < 0 (+). This is the time averaged
DW velocity above the Walker breakdown limit.

We next look for the average DW velocity below the breakdown limit, i.e. when
by < a. In Eq.(6.8), as long as by — asin(2¢)) # 0, we can directly integrate this
differential equation. We first examine the case when by — arsin(2¢)) = 0. Substituting
sin(2¢) = by/av from Eq.(6.8) into Eq.(6.7) gives an expression for @. As seen in Fig.
6.26 (a), when the field is below the breakdown limit, the velocity of the DW, or

the slope of the position versus time curve, is constant. Thus the time averaged DW
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Figure 6.28: Analytical solutions of the 1D model showing the dependence of DW
velocities on the magnetic field.

velocity equals the instantaneous DW velocity, which gives

_aby +b/a

6.23

<z>

When by — asin(21)) # 0, we can directly integrate Eq.(6.8). The solution is the
same as that shown in Eq.(6.18), however, the number inside the square roots are now
negative, meaning that we have imaginary numbers in the solution. From Fig.6.26
(a), we know that when by < «, or when we are below the breakdown limit, 1 (7)
approaches an equilibrium value 1), at the long time limit. This value can be found

by setting 7 — oo in Eq.(6.13), which gives

atye—% M) (6.24)

(T — 00) = 1, = arctan( 5
2

Substituting 1. into Eq.(6.7) provides and expression for &, which turns out to be

the same formula as Eq.(6.23).
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Figure 6.29: Numerical calculations of the DW velocity when various amplitudes
of current (u) is passed. The size of (3 is changed for each panel. The parameters
used describe a transverse wall in a 300 nm wide 10 nm thick permalloy nanowire.

Hyx=1800 Oc, A=36 nm, a=0.01, (a) =0, (b) 4=0.01, (b) 3=0.02.

Vortex wall: Hy: 750 Oe, A: 22 nm

a:0.02, B: 0.00 a:0.02, B: 0.02 a: 0.02, B: 0.04

/ u (m/s) u (m/s)
—~3001(2) u ('1“08)* (b) 200 1 1©) 100 |

20 20 20
Z 200+ ——20 1 [ —-20 4 ——-20 1
; 100 ——-100 ——-100
° | k | / |
\ / \ ) S —
0 20 40 600 20 40 600 20 40 60
Field (Oe) Field (Oe) Field (Oe)

m/s

Velocity

Figure 6.30: Numerical calculations of the DW velocity when various amplitudes of
current (u) is passed. The size of [ is changed for each panel. The parameters used
describe a vortex wall in a 300 nm wide 10 nm thick permalloy nanowire. H =750

Oe, A=22 nm, a=0.02, (a) =0, (b) $=0.02, (b) =0.04.
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We have thus obtained the time averaged DW velocity in the entire field range. A
summary of the dependence of DW velocities on the magnetic field are shown in Fig.
6.28. Numerical calculation results are shown in Fig. 6.29 and 6.30 for two different

sets of parameters, i.e. one for a transverse wall and the other for a vortex wall.

6.5.4 Current driven DW velocity

Current driven DW velocity can be treated within the same framework of field driven
velocity. As derived in Eq. (6.13), instability occurs when by = «. In terms of current,

stable solutions exist when

a—a a—a

>0 > — : 6.25
f—a— 0= B—a (6.25)
The saddle point for the current, or the Walker breakdown current, is
a—a
=+ . 6.26
YwB B—a ( )

The expression of the DW velocities are the same as that shown in Eq. (6.22)
when v > vy p and Eq. (6.23) when v < vyp. A summary of the analytical solutions
to Eq. (2.29) and (2.30) are shown in Fig. 6.31, where the dependence of the DW
velocity on current at zero field is shown. Numerical calculation results are shown in
Fig. 6.29 and 6.30 for two different sets of parameters, i.e. one for a transverse wall

and the other for a vortex wall.
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Figure 6.31: Analytical solutions of the 1D model showing the dependence of DW
velocities on the current (spin torque parameter u).
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Figure 6.32: Numerical calculations of the DW velocity plotted against the spin torque
parameter u. The size of 3 is changed for each curve. The magnetic field is set to
zero. The parameters used describe (a) transverse wall (Hx=1800 Oe, A=36 nm,
a=0.01) and (b) vortex wall (Hg=750 Oe, A=22 nm, «=0.02) in a 300 nm wide 10
nm thick permalloy nanowire.
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Transverse wall: Hi: 1800 Oe, A: 36 nm
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Figure 6.33: Numerical calculations of the DW velocity plotted against the spin torque
parameter u. The size of 3 is changed for each panel. Colors represent different
magnetic fields. The parameters used describe a transverse wall in a 300 nm wide

10 nm thick permalloy nanowire. Hx=1800 Oe, A=36 nm, a=0.01, (a) 5=0, (b)
3=0.01, (b) =0.02.

Vortex wall: Hx: 750 Oe, A: 22 nm
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Figure 6.34: Numerical calculations of the DW velocity plotted against the spin torque
parameter u. The size of § is changed for each panel. Colors represent different
magnetic fields. The parameters used describe a vortex wall in a 300 nm wide 10 nm

thick permalloy nanowire. H=750 Oe, A=22 nm, a=0.02, (a) =0, (b) 8=0.02, (b)
3=0.04.
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6.6 Discussion

6.6.1 Size of the non-adiabatic spin torque term

The presence/absense of the non-adiabatic spin transfer torque (3 in the 1D model) is
attracting increasing interest due to its unique contribution to the DW velocity. One
possible method to estimate the size of § is to study the current dependence of the
Walker breakdown field. From Eq. 6.17, the change in the Walker breakdown field is
proportional to the magnitude of the current that flows in the nanowire. When 3 = «,
the breakdown field becomes independent of the current. This is what is observed
experimentally in Fig. 6.9 (a). Although the error bars are relatively large in this
plot, the breakdown field shows little dependence on the current density. Since the
structure of the DW that causes the breakdown is not clear in the experiments, data
from Fig. 6.7 should be compared to both Fig. 6.29 (transverse wall) and Fig. 6.30

(vortex wall). Roughly speaking, it can be assumed that 3 ~ « from the comparison.

6.6.2 Comparison of current driven DW velocity to the elec-

tron drift velocity

The maximum current driven DW velocity observed is ~ 110 m/s at the current
density of 1.5 x 10® a/cm? (see Section 6.4 for details). It is interesting to first
compare this velocity to the rate at which spin angular momentum is transferred
from the electrons to the local moments. Although the arguments is rather hand-
waving, it provides insight into current driven DW motion.

Assuming the g-factor (g) of the conduction electrons in permalloy being 2, the
angular momentum that one electron possesses is gupS ~ up, where S = 1/2 is the
electron spin and pp is the Bohr magnetron. When the electrons are moving with a
drift velocity of v4, the angular momentum that crosses an unit area in one second is
Ae = vgnepip, where n, is the electron density.

The magnetic moment that an atom carries is defined as Xpug, where X is the
net moment per atom in Bohr magnetron units. The magnetic moment per unit area

is A, = an, X up, where a is the lattice constant and n, is the atomic concentration.
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The rate of transferring angular momentum from the electrons to one atom can

therefore be expressed as

Ae VaTle
=—= 6.27
’ A, an,X ( )
From Drude’s model,
J =neevy=0F (6.28)

where J is the current density, o is the conductivity and F is the electric field. In the
two current model, the conductivity of the majority and minority spins are assumed
to be different. The spin polarization of the current P is defined as

ol —o!

P_

— m. (6.29)

where oY) represents the conductivity of the majority (minority) spin. In terms of

the drift velocity, Eq. (6.29) can be rearranged to read

p1+P J

V= = (6.30)
1-P J
L _
Ud = T% <631)

where v;(l) represents drift velocity of the majority (minority) spin. The two cur-

rent model assumes that conduction channel of the majority and minority spins are

separated. The Kirchoff law then reads
J=J+Jt (6.32)

where J'(Y) is the current contribution of the majority (minority) spin and the current
flow is assumed to be homogenous in the material. Equation (6.32) can be rearranged
to read

nevg = nlvl +nlv} (6.33)
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Substituting Eq. (6.33), (6.30) and (6.31) into Eq. (6.27) gives

J

ean, X

(6.34)

r =

Note that in Eq. (6.34) the spin polarization of the current has vanished. This is
because the two current model was not included in Eq. (6.27). To include, A, =
vinlpp should be substituted into Eq. (6.27). Then Eq. (6.34) is replaced by

4P
2 ean X'

r (6.35)

Since rate r represents the inverse of the time one atom needs to flip its moment,
the product ra will provide the velocity of changing the atomic moments’ direction,
which can be compared to the DW velocity. Note that the velocity ra is exactly
equivalent to the spin torque term w in the 1D model. Substituting the atomic
density of permalloy n, ~ 8.975 x 10?2 cm~2 and the moment per atom X ~ 0.9 into
Eq. (6.35), the velocity ra ~ 35J(1+ P) m/s . At the current density of J ~ 1.5x 10®
A/cm?; the current density where the maximum DW velocity was observed, ra ~ 105
m/s at P = 1, comparable to the DW velocity observed experimentally (v ~110
m/s). However, if a more realistic value of P is used (P ~ 0.4 — 0.9 [127, 104, 128]),
the rate of spin angular momentum transfer becomes slower than the DW velocity.
In addition, Eq. (6.35) does not include any loss of the angular momentum transfer
process, i.e. the efficiency is assumed to be 100%. Thus it is likely that processes
other than the angular momentum transfer are contributing to the DW velocity, such

as the linear momentum transfer process [50, 94].

The linear momentum transfer is naively characterized by the parameter (3 in the
1D model. The DW velocity below the breakdown (b, < @) is expressed as < & >= Zu
in the absence of magnetic field. Thus if the factor g becomes larger than 1, the DW

velocity exceeds the rate of spin angular momentum transfer w.

Finally, the DW velocity is compared to the drift velocity of the electrons. In the

two current model, if it is assumed that only the majority electrons contribute to the
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angular (and linear) momentum transfer process, Eq. (6.33) can be approximated as

1
NeVg = inev; (6.36)
where the electron density of the majority electrons are assumed to be half of the

total electron density. Substituting this equation into the Drude’s model, Eq. (6.28),

gives the expression for the majority electrons drift velocity

2]
vl ~ —. (6.37)

The electron density in permalloy can be estimated from Hall measurements. Fig.
6.35 (a) shows a typical Hall voltage plotted against the out of plane magnetic field in
permalloy Hall bars. Due to the anomalous Hall effect, the slope of the Hall voltage
versus field at high field does not represent the normal Hall resistance. In order
to obtain the normal Hall resistance, the slope at high field for both positive and
negative fields are subtracted to remove the contribution from the anomalous Hall
effect. The estimated electron densities are plotted in Fig. 6.35 (b) as a function
of thickness of the permalloy film. Data from Ref. [23] are shown together. The
dashed line is the expected electron density from the Drude’s model, n, ~ n,, where
Ng ~ 8.975 x 10%22 cm ™ is the atomic density. One conduction electron per atom is
assumed. The measured electron density is nearly half of that of the prediction from
the Drude’s model. Substituting n, ~ 5 x 10?2 cm™3 and J ~ 1.5 x 10® A/cm? gives
v; ~ 375 m/s, more than three times faster than the DW velocity. The drift velocity

will provide an upper limit on the current induced DW velocity.
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Figure 6.35: (a) Hall voltage measured for a 10 nm thick permalloy Hall bar. 0.5 V
is applied along the Hall bar. (b) Electron density of permalloy, estimated from the
Hall resistance measurements (black circles) are plotted as a function of film thickness.
The red squares are data from Berger et.al. The dashed line is the expected electron
density from the Drude’s model, n. ~ n,, where n, is the atomic density. One

conduction electron per atom is assumed.



Chapter 7

Dynamics of propagating DWs

7.1 Introduction

As shown in the previous chapters, owing to the anisotropic magnetoresistance of
permalloy, the resistance of the nanowire provides variety of information regarding
the properties of DW. From dc-resistance measurements, not only the presence of
the DW can be inferred by the resistance of the nanowire, but also the structure
and even the chirality of a DW, if pinned at a pinning center, can be known by the
resistance value. By measuring the nanowire resistance dynamically, or in real-time,
the DW wvelocity can be estimated. In this chapter, it is shown that the dynamics
of a propagating DW can be probed by combining both dc and real-time resistance
measurements. Understanding the mechanisms of how DWs will propagate under the
influence of field and current is essential in building devices based on DWs.
Theoretically, it has long been predicted that the propagation of DWs changes
from a simple translation to more complex precessional modes, including changes in
the DW structure as it propagates[133]. Experimentally, however, indirect evidence
of this transition is only found from a sudden drop in the wall’s velocity and direct
observation of the precessional modes is lacking. In addition, with the advent of
magnetic nanowires of dimensions comparable to the DW widths it is possible to
imagine that DWs propagating along such wires will exhibit a well defined precessional

mode due to confinement. By contrast, in extended structures, which have been

160
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Figure 7.1: Scanning electron microscopy image of a permalloy nanowire (horizontal)
and its electrical contacts (vertical lines). A schematic illustration of the real-time
resistance measurement setup is overlaid on the image.

extensively studied in the past [134, 135, 136], many modes are accessible. It is
shown in this chapter that DWs propagate along permalloy nanowires with a periodic
variation in the chirality of the walls, a direct observation of the precessional mode.
A combination of quasi-static and real time resistance measurement techniques are
used to probe the precessional mode. The effect of the magnetic field and the current

that passes through the nanowire on the precessional mode are studied.

7.1.1 Experimental setup

A scanning electron microscopy (SEM) image of a typical nanowire is shown in Fig.
7.1. The distance between the two contact lines, labeled A and B, is 4 ym and the
width of the nanowire is 200 nm unless mentioned. The nanowire has two straight
arms perpendicular to each other. These arms are connected via a quarter circle
whose radius is 3 yum. Both end of these arms are tapered to a sharp point to prevent
the formation of DWs outside the contact line [121] and to assist annihilation of any
DW that enters this region. See Fig. 6.13 (a) for the full SEM image of the device.
Only the horizontal arm is used here. Two types of nanowire are used in this chapter.
For the time resolved resistance measurements (Section 7.2), nanowires without any
artificial pinning sites are used. For the quasi-static measurements (Section 7.3), a
nanowire with an artificial pinning site patterned ~3um away from line A is used.
The pinning site consists of a triangularly shaped notch on one side of the nanowire,
whose depth is ~30% of the wire width.

DC-40 GHz bandwidth probes are used to make contact to the devices. A pulse
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generator (PG-B, Picosecond Pulse Labs, model 10300B) is connected to contact
line A. A 50 € termination is connected to the other end of line A. For the time
resolved resistance measurements (Section 7.2), a 6GHz real-time oscilloscope (Agilent
Technologies, model 54855A) is connected to contact line B, as shown in Fig. 7.1.
For the quasi-static measurements (Section 7.3), a dc resistance measurement setup
is connected to line B (see Fig. 7.6).

The local field generation method is used to inject a DW into section A-B of the
nanowire. A magnetic field H is applied along the wire during the voltage pulse injec-
tion to assist the subsequent propagation of a DW. Note that this field H corresponds
to Hyyy used in Chapter 5. A fraction of the injected voltage pulse flows into section
A-B, thereby injecting current into the nanowire as the DW propagates along it. The
current density that flows into the nanowire scales as ~ 0.5 x 10® A/cm? per volt in

these nanowires. Positive current is defined as current flowing from line A to B.

7.2 Time-resolved resistance oscillations

The DW injection and propagation experiment is repeated more than 16,000 times
and the signal traces AV from each of these experiments are averaged to obtain an
adequate signal to noise ratio. See Chapter 6 for details of the measurement method.

Figure 7.2 (a) and (b) show typical traces of the averaged signal AV obtained by
the oscilloscope. A head to head (HH) wall is injected into section A-B using 100
ns long (a) -2.8 V and (b) 2.8 V high voltage pulses. As explained in the previous
chapter, AV increase for the period of time 7 for which the DW spends in section
A-B. See Fig. 6.3 (b) for the definition of 7. Note that the size of increase in AV
is proportional to the resistance difference between the magnetized state (Rgar) and
the state with a DW (R) in section A-B, or AR = R — Rgar. T depends on the DW
velocity which is influenced by both the field and the current. This is clearly seen by
the DW velocity plotted in Fig. 7.3 as a function of the magnetic field. Negative and
positive currents increase and decrease the DW velocity, respectively. The Walker
breakdown field of this 200 nm wide nanowire is ~14 Oe.

In Fig. 7.2 (a) and (b), oscillations of the signal amplitude are observed, for both
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Figure 7.2: Real-time measurements of the DW propagation along the nanowire ob-
tained by averaging the temporal evolution of the nanowire resistance 16,000 times.
Signal traces AV shown are obtained using -2.8 V (a) and 2.8 V (b) voltage pulses to
inject a HH DW are shown. Representative signal traces are shown at various fields
indicated in each panel.
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Figure 7.3: DW velocity versus magnetic field measured using -2.8 V (solid circles)
and 2.8 V (open squares) voltage pulses to inject a HH DW. The Walker breakdown
field is indicated in the figure. A 200 nm wide nanowire is used.
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Figure 7.4: Exemplary FFT spectra of the signal trace AV shown when (a) -2.8 V
and (b) 2.8 V voltage pulses are used to inject a HH DW. The applied field during
the injection is 76 Oe. Note that the lower frequency feature seen in (a) simply
corresponds to % Definition of the oscillation frequency fp is shown.

polarities of the voltage pulse, when the DW is propagating along section A-B. The
signal amplitude does not oscillate when the DW moves out from section A-B, that
is, after the AV levels drop to zero. Thus these oscillations must be related to the
dynamics of the propagating DW. Since the signal amplitude is proportional to AR,
or the size of the DW| these oscillations indicate that the size of the DW is periodically
changing. This is particularly remarkable given that the signal represents an average
of more than 16,000 successive independent DW injections and propagations along

the nanowire. Thus this entire process must be highly repeatable and coherent.

Fast Fourier Transform (FFT) spectra of the signal traces are calculated to acquire
the oscillation frequency. Exemplary FFT spectra of these traces are shown in Fig.
7.4 (a) and (b). The spectra is normalized to the peak value. In these spectra a well
defined peak is observed. We define the frequency where the peak is observed as fp.

Note that the lower frequency feature seen in Fig. 7.4 (a) simply corresponds to the
1

The oscillation frequency fp is plotted against the magnetic field in Fig. 7.5 for
(a) head to head (HH) and (c) tail to tail (TT) walls. Voltage pulses of +2.8 V are
used to inject a DW into section A-B. For both wall types, the dependence of fp
on the magnetic field is approximately linear. Note that resistance oscillations are
observed only when the field exceeds the Walker breakdown field (~14 Oe). Although
the current density (~ £(1.4 — 1.5) x 10®* A/cm?) that flows into the nanowire has

a significant impact on the DW velocity (see Fig. 7.3), the dependence of fp on the
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Figure 7.5: (a,c) Dependence of the frequency of the oscillations in resistance observed
in the signal traces (AV') plotted versus field. Data shown are when £2.8 V voltage
pulses are used to inject a (a) HH and (c¢) TT DW. Oscillation frequency fp is
determined by taking the FFT spectra of each trace. Error bars correspond to the
width of a Gaussian to which the peak structure in the FFT spectra is fitted. (b,d)
Dependence of the oscillation frequency fp on the amplitude of the voltage pulse in
various magnetic fields. The definition of the error bars is the same as in (a,c). Solid
lines are guides to the eye.

current density seems to be relatively small. In Fig. 7.5, the dependence of fp on
the amplitude of the voltage pulse, at selected fields, are shown for (b) HH and (d)
TT walls. The dependence of fp on the amplitude is small at each field for both
wall types, however, fpp is systematically higher for negative as compared to positive

currents of the same magnitude.
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Figure 7.6: Scanning electron microscopy image of a permalloy nanowire (horizontal)
and its electrical contacts (vertical lines). A schematic illustration of the quasi-static
resistance measurement setup is overlaid on the image.

7.3 Chirality oscillations in propagating DWs

The resistance oscillations observed in the real-time measurements indicates that AR,
or the size of the DW, is periodically changing as the DW propagates. As was shown
in the previous chapters, the size of AR can be correlated with the DW structure.
When a DW is pinned at an artificial pinning cite, not only the structure but also
the chirality of the DW can be inferred by AR. However, it is rather difficult to
infer the state of the DW in real-time measurements since some ambiguities remain
in the conversion of the signal amplitude AV to AR using Eq. 6.5. Therefore we
use quasi-static measurements in which AR of the DW state is measured, precisely,
by dc-resistance measurements and use nanosecond long pulses to inject the DW into
the nanowire as well as to pass currents.

The quasi-static resistance measurement setup, together with the SEM image of
the nanowire and the contact lines, are shown in Fig. 7.6. The local field generation
method is used to inject a DW into section A-B. A magnetic field H (equivalent to
Hjy; in Chapter 5) is applied during the voltage pulse application to assist subsequent
propagation of the DW. A triangularly shaped notch, whose depth is ~30% of the
width of the wire, is located 3um away from line A to form a pinning center.

Figure 7.7 (a) shows a histogram of the AR value when a DW is injected into
section A-B and trapped at the notch, using a 2.5V high 10 ns long voltage pulse. AR
represent the difference in the nanowire resistance before and after the DW injection.

Zero AR represents the state without any DW in section A-B. Three distinct non-zero
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Figure 7.7: (a) Histograms of AR values measured in successive repeated experiments
in which a HH DW is injected into the nanowire using a 2.5 V high, 10 ns long volt-
age pulse and is trapped at a notch located ~3 pum away from line A. The notch
is triangularly shaped, as shown in the MFM images. AR is the difference in the
resistance of the nanowire before and after the DW injection. The magnetic configu-
rations corresponding to each AR peak are shown as MFM images. The white arrows
in the MFM images denote the magnetization directions. (b) Probability of trapping
a DW at the notch for Vo (blue), Te (red) and T4 (black) walls as a function of the
magnetic field. A 2.5 V, 10 ns long voltage pulse is used to inject a HH DW.
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AR values are observed in the histogram, whose corresponding magnetic structures,
imaged using magnetic force microscopy (MFM), are shown on the top of Fig. 7.7
(a). Two transverse walls with clockwise T¢ and anticlockwise T4 chiralities and one
clockwise vortex wall V¢ are observed. A small peak around AR ~-0.29 ) presumably
corresponds to the anticlockwise vortex wall V4. The probability of injecting and
trapping each type of DW at the notch is plotted as a function of H in Fig. 7.7 (b).
The probability of injecting different types of DWs has a complex dependence on the
magnetic field. Vortex walls can be injected and trapped in a relatively small field
range with much lower probability than either of the two transverse walls. Note that

the dimensions of the nanowire used here favor transverse walls.

The probabilities of trapping T4, T¢ and Vo DWs at the notch are plotted as a
function of the pulse length at selected fields in Fig. 7.8 (a-d). HH (a, b) or TT (c,
d) DWs are injected using -2.5 V (a, ¢) and 2.5 V (b, d) voltage pulses. For the case
of positive voltages, oscillations in the trapping probability are observed for pulse
lengths up to ~100 ns, the limit of our experimental setup. By contrast, for negative
voltages, oscillations in the probability are seen only for much shorter pulse lengths,
typically below ~30 ns. In both cases oscillations are clearly observed only for fields
above ~14 Oe, which is close to the Walker breakdown field for these nanowires.

Below this field the trapping probability is nearly independent of the pulse length.

In order to estimate the oscillation periods observed in the trapping probability,

the curves are fitted to the following form.
t
P = Aexp(—-2) sin(27 fostp + phase) (7.1)
Td

where A, 74, fos are the amplitude, decay time and frequency of the exponential
sinusoid, respectively, and ¢ p is the pulse length. In Fig. 7.9, the oscillation frequency
fos and the phase are plotted against the magnetic field for both wall types, (a, c)
HH and (b, d) TT wall. In all plots, fos and the phase are compared for each DW
structures. Whereas fqg is approximately proportional to the field regardless of the
DW state, the phases of the oscillations depend on the DW state. T4 and T¢ walls
are 180° out of phase with each other and the Vi wall is 90° out of phase from the
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Figure 7.8: Probability of trapping a DW, V¢ (blue), T¢ (red) and T4 (black), at a
notch plotted against the voltage pulse length at different fields. (a) and (b) represent
the trapping probability when -2.5 V and 2.5 V voltage pulses are used to inject a
HH DW, respectively. The same plots are shown for the TT DW in (c¢) and (d).
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Figure 7.9: Frequency fos (a,c) and phase (b,d) of the oscillations of the trapping
probability obtained by fitting them to Eq. (7.1). fos and the phase are plotted
against the magnetic field for each wall structure. Phases are in units of 7. Data
shown are when 2.5 V voltage pulse is used to inject a (a,c) HH and (b,d) TT DW.

transverse walls. At higher fields, above ~ £40 Oe, only T 4 walls are trapped at the
notch: in this field range we find that fog saturates and the phase of the oscillation
varies little. The trend is the same regardless of the DW type.

The dependence of the fpg and the phase on the voltage pulse amplitude is also
investigated. Fig. 7.10 shows the pulse length dependence of the trapping probabil-
ities for the transverse DWs at selected pulse amplitudes for both (a) HH and (b)
TT walls. The pulse amplitude is varied from 2.5 V to 3.5V and the magnetic field
is fixed at 25 Oe. The oscillation frequencies and phases, extracted by fitting Eq.
(7.1) to the T4 wall trapping probabilities, are shown in Fig. 7.11 for (a) HH and
(b) TT walls. At a fixed field the oscillation frequency is nearly independent of the
amplitude, whereas the phase depends on the pulse amplitude. Detailed analysis of

these data are discussed in the next section.

7.4 Micromagnetic simulations and the 1D model

7.4.1 Micromagnetic simulations

We first use micromagnetic simulations to identify the origin of the resistance os-

cillations seen in the time resolved measurements. Micromagnetic simulations were
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Figure 7.10: Probability of trapping a transverse wall, T¢ (red) and T4 (black), at
a notch plotted against the voltage pulse length for different pulse amplitudes. Data
are shown for (a) HH and (b) TT walls. The applied magnetic field is 25 Oe.
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Figure 7.11: Dependence of the frequency fos (a,b) and the phase shift (c,d) of the
oscillations of the trapping probability on the pulse amplitude. fgps and phase shift
are obtained from fitting the trapping probability to Eq. (7.1). Numbers on the side
indicate the corresponding magnetic field used during the injection of a DW. Data
are shown for (a,c) HH and (b,d) TT walls. Solid lines are guides to the eye.
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Figure 7.12: Temporal evolution of (a) the position of the DW and (b) the estimated
AR of the nanowire calculated from micromagnetic simulations in an applied field of
20 Oe and zero current. Symbols and corresponding magnetic configurations show
the structure of the DW at the extrema of each cycle of its motion.

carried out on permalloy nanowires with the same physical dimensions as those used
in the experiments (200nm wide, 10nm thick), for fields above the Walker breakdown
field. Moving boundary conditions are employed to avoid edge effects. The Gilbert
damping parameter « is set to 0.01 to match the experimental value of the Walker
breakdown field. A transverse wall with anticlockwise chirality (top panel of the
images shown at the right hand side of Fig. 7.12 is chosen as the initial state to
compute the temporal evolution of the position and the structure of the DW driven
by magnetic field.

Fig. 7.12 (a) shows the temporal evolution of the DW position when a magnetic
field of 20 Oe is applied (no current). The position of the DW oscillates as it prop-
agates along the wire. These oscillations are associated with periodic changes in the
DW structure, as indicated by the symbols[133]. The DW state oscillates periodically
from a transverse wall of one chirality to a transverse wall of the opposite polarity
via a vortex wall or an anti-vortex wall state.

The resistance fluctuation due to the change in the DW structure can be estimated
from these simulations. Instead of calculating the resistance of the nanowire using
finite element method calculations, we can estimate the resistance fluctuation, due
to the change in the magnetization configuration, from the temporal evolution in the

total anisotropic energy E4n;. Both AMR and E 4y take the same form with regards
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to the direction cosines of the magnetic moments and the nanowire’s long axis, i.e.
AMR o cos? § and E n; o< cos? 6. This is because the nanowire’s long axis coincides
with the direction of the current flow as well as the direction of the magnetization

easy axis. The resistance of the nanowire is thus expressed as

R=R 1—— 7.2
S'AT( p Kuv) ( )

where % is the AMR ratio, K, is the anisotropy constant and V' is the volume of the
system. The resistance difference between the state with a DW in the nanowire and
the magnetized state is then AR = R — Rgar and is plotted in Fig. 7.12 (b). We
take K, = 1000erg/cm?3, V = 2000 x 200 x 10 nm~3, p = 30u2em and % = 1.5% for
permalloy. The magnitude of the estimated AR agrees well with the experimental
values; compare these values with the ones shown in Fig. 7.7 (a). The amplitude of
the signal trace AV can be calculated by substituting the resistance (Eq. (7.2) into
Eq. (6.1) and subtracting the background.

The calculated AV converted from the simulated AR shown in Fig. 7.12 (b) are
shown in Fig. 7.13 (a). AV calculated at different fields are shown in Fig. 7.13 (b)
and (c). These curves can be compared to the experimental results shown in Fig.
7.2. Note that the absolute magnitude of the calculated AV do not match with the
experimental data since the resistance of the contact lines are not incorporated into
the calculations. In addition the amplitudes of the AV oscillations appear larger
in the calculations. In the experiment, any incoherence in the resistance oscillation
results in smearing the AV oscillation, i.e. destructive interference occurs. In other
words, the amplitude of the AV oscillation observed in the experiments provides

degree of the coherence.

Interesting features are observed in the calculated AV oscillations in Fig. 7.13.
The frequency of transverse walls (AV ~ 904V) appearing increases as the magnitude
of the field is increased. However, depending on the DW structures that appear
between the transverse walls, the overall oscillation frequency of the AV changes.
The DW structures involved in Fig. 7.13 (c) are only the transverse walls and the

anti-vortex walls; vortex walls do not appear in this process. Thus the AV oscillation
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Figure 7.13: Calculated time dependence of AV, estimated from AR of the nanowire,
using micromagnetic simulations. The applied field are shown at the right.

frequency coincides with the frequency the transverse walls appear. By contrast, in
Fig. 7.13 (b), vortex and anti-vortex walls appear alternatively between the transverse
walls. In this case, AV oscillation frequency is halved (oscillation period is doubled)

compared to the frequency the transverse walls appear.

The period doubling are also observed in experiments. Figure 7.14 (a) show the
signal traces AV obtained in a 300 nm wide permalloy nanowire. Here, a voltage
pulse of 2.0 V high and 100 ns long is used to inject a T'T wall. The applied magnetic
fields are shown on the right side of each panel. This is the field range where the
pressure from the field is compensated by current via spin transfer torque when a
positive voltage pulse is used. Thus the DW velocity is significantly reduced. The
corresponding FFT spectra of each trace shown in Fig. 7.14 (a) are shown in (b). In
addition to the main peak, a secondary peak is observed in all cases. The frequencies
(fp) at which these peaks are observed are plotted in Fig. 7.15. Comparing the values
of fp between the 300 nm and 200 nm wide (see Fig. 7.5) nanowires, interestingly,
it is the secondary peaks in the 300 nm nanowire that match fp measured in the
200 nm wide nanowire. Note that the period doubling is also observed in the 200 nm
wide wires in some field range, however the effect is more pronounced in the 300 nm

wide ones. This is largely due to the size of the nanowire; the period doubling occurs
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Figure 7.14: (a) Real-time measurements of the DW propagation along the nanowire
obtained by averaging the temporal evolution of the nanowire resistance 16,000 times.
Signal traces AV shown are obtained when a 2.1 V voltage pulse is used to inject
a TT DW are shown. Representative signal traces are shown at various fields indi-
cated in each panel. (b) FFT spectra calculated from the signal traces shown in (a).
The square symbols illustrate the position of the first and second harmonics in the
oscillation frequency. The nanowire width is 300 nm here.
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Figure 7.15: Dependence of the oscillation frequency fp on magnetic field when 2.1V
voltage pulses are used to inject a TT DW in a 300 nm wide nanowire. The first and
second harmonics of the oscillation frequency are plotted. Error bars correspond to
the width of a Gaussian to which the peak structure in the FFT spectra is fitted.

The solid line represents values of fp calculated using from Eq.(7.3), assuming zero
current (u=0) and a value of «=0.01.
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through the appearance of the vortex wall which is energetically more favored in the

300 nm wide nanowires.

7.4.2 1D model

It is interesting to compare fp with the oscillation frequency calculated using the one
dimensional (1D) model of DW motion. This frequency can be derived by computing
the period of the oscillations in the position of the DW when driven by magnetic field
above the Walker breakdown field. This was derived in Chapter 6 and is given by Eq.
6.19. The oscillation frequency thus reads

Fo = [+ (0= ) = B (73)
where is v is the gyromagnetic ratio, « is the Gilbert damping constant, 3 is the non-
adiabatic spin torque term, A is the DW width and Hy g is the Walker breakdown
field (see Eq. 6.17). The parameter u = % is the spin transfer torque term and
p1p is the Bohr magnetron, J is the current density, P is the spin polarization of
the current, e is the electric charge and M is the saturation magnetization. The
calculated fp is approximately linear in field and the slope is given simply by ~ I,
which is two times the Larmor frequency. Since the current have little effect on fp
(see Fig. 7.5 (b, d)), we use Eq. (7.3) with u = 0, the case where no current is flowing
in the nanowire. The calculated fp for both 300 nm and 200 nm wide nanowires are
shown in Fig. 7.15 and Fig. 7.16, respectively. The calculated fp agrees well with

the experimentally observed values.

The quasi-static results can be understood within the same framework. The struc-
ture of the DW will evolve periodically during the time that the DW travels from
its point of injection to the pinning center (~3 pm). This time is determined by the
average DW velocity which depends on the field and the duration and magnitude of
the current pulse. Thus, for a given field and current pulse amplitude the DW will
arrive at the notch sooner when the spin polarized current drives the DW towards

the notch and later when the current is in the opposite direction. For a given current
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Figure 7.16: Dependence of the oscillation frequency fp on magnetic field when
+2.5 V voltage pulses are used to inject a HH DW. Error bars correspond to the
width of a Gaussian to which the peak structure in the FFT spectra is fitted. These
data are compared with the oscillation frequency fos obtained from the quasi-static
experiments shown in Fig. 7.9 (a). The solid line represents values of fp calculated
using from Eq.(7.3), assuming zero current (u=0) and a value of a=0.01.

direction the arrival time of the DW is then determined by the length of the current
pulse unless the pulse is so long that the DW reaches the notch before the end of
the pulse. On the other hand the frequency of the periodic structural changes is
largely independent of the current (see Fig. 7.5 (b, d)). Therefore, the DW will have
a distinct structure when it arrives at the pinning center, oscillating with the pulse

length.

To illustrate this process, the temporal evolution of the position of the DW is
calculated using the 1D model and are shown in Fig. 7.17 (a). Magnetic field of
20 Oe is applied and a current pulse, whose direction is such that the spin transfer
torque opposes the field driven motion, is applied (u = 140m/s). Other parameters
are listed in the caption. The length of the current pulse is 0 ns (black line), 11.8
ns (red), 23.6 ns (green) and 35.4 ns (blue). The times at which the current pulse is
turned off are indicated by the arrows with the same color. The structure of the DW
is represented by the circles; open and solid circles correspond to the two transverse
walls with opposite chirality. MFM images are shown at the right to provide images
of these hypothetical DW structures represented by the symbols. To simplify, assume

that only two structures exist during the propagation and the DW structure changes
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from one to the other abruptly at each valley of the DW position.
In the experimental setup, the DW has to travel ~3 um to reach the notch; this

point is represented by the horizontal dotted line. When no current pulse is applied
(black line), the DW reaches the notch at ~18 ns, where the structure of the DW is
the open circle state. While the current pulse is turned on, the mean distance the
DW travels is close to zero. After the current pulse is turned off, it starts to move
toward the notch. Take for example the case where the current pulse is cut off at 11.8
ns (red line). The DW reaches the notch at ~26 ns, at which the DW structure is
the closed circle state. The structure of the DW when it reaches the notch can thus
be determined as a function of the current pulse length and is plotted in Fig. 7.17
(b) for the two transverse walls. Note that the probability here is either one or zero.
The probability oscillates with the pulse length, as was observed experimentally in
Fig. 7.8.

In Fig. 7.8, for positive voltages, when the current opposes the field driven motion
of the DW, the DW moves so slowly that it never reaches the pinning site before the
end of the 100 ns long voltage pulse used. Thus, we observe oscillations in DW
structure for pulses up to 100 ns long as shown in Fig. 7.8 (b, d). This interpretation
assumes that the DW structure does not evolve further once the DW is pinned at the
notch. This assumption is consistent with the results for negative currents, in which
the DW moves faster as the current pushes it towards the notch. In this case, when
the current pulse exceeds the time for the DW to reach the notch (~15-20 ns in Fig.
7.8(a, ¢)), the trapping probability becomes constant, which would not be the case
were the DW structure to continue to evolve once pinned. Note that slightly higher

current densities can result in DW transformations, as seen in Chapter 5.

The periodic variation in DW structure thus accounts for both the oscillatory
dependence of the DW trapping probability on current pulse length and the oscilla-
tions in DW resistance during motion. Moreover, the difference by a factor of two
in frequencies of these oscillations can be readily understood since in the quasi-static
measurements the T4 and T walls have different resistance values whereas in the
time resolved measurements they have the same resistance. This is because the notch

used in the quasi-static experiments is asymmetric so that the T4 and T walls are
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Figure 7.17: (a) Calculated temporal evolution of the position of the DW are shown
when different lengthes of current pulses are applied. The amplitude of the current
pulse is u=-140 m/s. The colored arrows indicate the time when the current pulse is
turned off. (For the black solid line, no current is applied.) The open and solid circles
represent the hypothetical state of the DW| i.e. transverse walls with opposite chi-
rality. (b) The calculated probabilities of the virtual transverse walls plotted against
the current pulse length. MFM images are shown at the right to provide images of
the virtual DW structures represented by the symbols.



180 CHAPTER 7. DYNAMICS OF PROPAGATING DWS

distinguishable. These oscillation frequencies are compared in Fig. 7.16 where fp
and 2fog are plotted. At low fields the frequencies are in reasonable agreement but
presumably at higher fields the notch potential plays a significant role so accounting
for the difference.

In summary, the precessional rotation of a magnetic domain wall associated with
its translational motion was directly observed using quasi-static and time-resolved
resistance measurements in permalloy nanowires. The domain wall dynamics are sur-
prisingly coherent. The precession frequency monotonically increases with magnetic
field as determined by the Larmor precession frequency. The precessional rotation of
the domain wall can be used to set the DW’s structure at a given position along the

nanowire by a combination of magnetic field and spin polarized current.



Chapter 8
Conclusion

The current and field induced dynamics of magnetic domain walls (DWs) was in-
vestigated in permalloy (Nig;Fej9) nanowires by injecting single domain walls and
monitoring their presence and motion in the nanowires from their resistance using
both dc and high speed measurements.

It was shown that resistance measurements could be used to detect the presence
of DWs of various structures and chiralities by combining resistance measurements
with magnetic force microscopy imaging. Vortex and transverse DWs could readily
be distinguished from the different resistance values that the nanowire exhibit due to
their different size and associated transverse magnetization components. When an
artificial pinning site is introduced in the nanowire, the chirality of both vortex and
transverse DWs pinned at such a pinning center can be deduced from the nanowire’s
resistance due to the inhomogeneous current flow around the pinning center.

Current induced dynamics of magnetic domain walls (DWs) in permalloy (Nig; Feyo)
nanowires were investigated. Resistance measurements are used to detect the pres-
ence of the DW in the nanowire. Combined with magnetic force microscopy imaging,
the resistance of the nanowire can be correlated with the structure of the DW. Vortex
and transverse DWs are observed in nanowires that were investigated. Furthermore,
when DWs are pinned at a pinning center, the chirality of the DW can even be
deduced from the nanowire’s resistance level.

Time resolved resistance measurements of the nanowire enabled estimates of the

181
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DW velocity, driven by magnetic field and/or current. The dependence of the DW
velocity on magnetic field revealed the complex dynamics of such motion. As the
magnetic field was increased from zero, the DW velocity was observed to increase to
a maximum value at the so-called Walker breakdown field. Above this field the DW
velocity decreases to a minimum value before increasing again at higher fields. Time
resolved resistance measurements performed when the magnetic field is larger than
the Walker breakdown field showed that DW structure is periodically changing as it
propagates through the nanowire. Surprisingly, the change in the DW structure turns

out to be highly coherent and reproducible.

When a current density of the order ~ 10® A/cm? is applied to the nanowire,
the field-driven DW velocity can be increased or decreased by more than 100 m/s
depending on the current direction. These large changes in DW velocity are attributed
to the spin transfer torque effect arising from the interaction between the DW and the
spin-polarized current. In the absence of any magnetic field, DWs can be moved with
current at the velocity of ~100 m/s, significantly higher than the reported values in

the literature but close to that predicted theoretically.

The current density needed to move the DW from a pinning center (notch) was
investigated by measuring the nanowire’s resistance before and after the application
of a current pulse. The current density needed to depin a DW from a notch shows
a non-linear dependence on the applied magnetic field. In all field ranges, transfor-
mations between different DW structures was observed, which strongly affects the
depinning process. When the applied field is near zero, the critical current to depin
the DW becomes nearly independent of the DW structure, which likely indicates that
the DWs are transformed under current to the same DW state when they actually de-
pin. However, significant Joule heating simultaneously occurs at the current densities
needed to depin the DWs so that this needs to be considered.

When the current pulse length is tuned to certain values (at the nanosecond time
scale), a lowering of the critical current is observed compared to the case when long
current pulses are used. In addition, the probability of depinning the DW oscillates
with the current pulse length, where the oscillation periods depend on the DW struc-

ture, applied magnetic field and the current density. These effects arise from current
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induced oscillations of the DW when trapped at a pinning center. The oscillation
amplitude is amplified after the end of the current pulse, if the timing of the pulse
matches the DW precessional period. Taking advantage of this dynamic amplifica-
tion could open ways to reduce the critical current density to move DWs in magnetic

nanodevices.
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