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The static and dynamic properties of spin distributions within do-

main walls(DWs) confined by Permalloy nanowire conduits are investigated

by numerical simulations and high-speed magneto-optic polarimetry. Phase

boundaries and critical points associated with DW spin distributions of var-

ious topologies are accurately determined using high-performance computing

resources. Field-driven mobility curves that characterize DW propagation ve-

locities in 20 nm thick nanowires are calculated with increasing the width of

nanowires. Beyond the simple one-dimensional solution, the simulations reveal

the four distinct dynamic modes.

Oscillations of the field-driven DW velocity in Permalloy nanowires are

observed above the Walker breakdown condition using high-speed magneto-

optic polarimetry. A one-dimensional analytical model and numerical simula-

tions of DW motion and spin dynamics are used to interpret the experimental

vi



data. Velocity oscillations are shown to be much more sensitive to properties

of the DW guide structure (which also affect DW mobility) than the DW spin

precessional frequency, which is a local property of the material.

Transverse bias field effects on field-driven DW velocity are studied

experimentally and numerically. DW velocities and spin configurations are

determined as functions of longitudinal drive field, transverse bias field, and

nanowire width. For a nanowire that supports vortex wall structures, factor

of ten enhancements of the DW velocity are observed above the critical lon-

gitudinal drive-field (that marks the onset of oscillatory DW motion) when a

transverse bias field is applied. The bias-field enhancement of DW velocity

is explained by numerical simulations of the spin distribution and dynamics

within a propagating DW that reveal dynamic stabilization of coupled vor-

tex structures and suppression of oscillatory motion in the nanowire conduit

resulting in uniform DW motion at high speed.

Current-driven and current-assisted field-driven domain wall dynamics

in ferromagnetic nanowires have thermal effects resulting from Joule heating,

which make difficult to separate the spin-torque effects on DW displacements.

To understand the thermal effects on DW dynamics, the temperature depen-

dence of field-driven DW velocity is explored using high-bandwidth scanning

Kerr polarimetry. Walker critical fields are decreased with increasing tem-

perature and temperature-induced dynamic mode changes are observed. The

results show that Joule heating effects are playing an important role in current-

driven/current-assisted field-driven DW dynamics.
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Chapter 1

Introduction

The spin dynamics in geometrically confined systems, such as nanowires,

is a topic of considerable interest. Patterned magnetic nanowires offer prospects

for a new generation of spintronic devices, and also serve as model systems

for exploring fundamental issues related to spin distributions and dynamics in

magnetic domain walls driven by magnetic-fields or electric currents.

This thesis is organized as follows. The first chapter addresses fun-

damental concepts of thin film magnetism and a description of the magneto-

optical Kerr effect. Chapter 2 presents a detailed experimental setup, including

device fabrication and domain velocity measurement method. In chapter 3,

the numerical simulations of static and dynamic properties of domain walls

are addressed. Chapter 4 describes the oscillations of the field-driven domain-

wall velocity in Permalloy nanowires. Chapter 5 presents domain-wall velocity

enhancement induced by a transverse bias field. The last chapter describes

temperature dependence of field-driven domain-wall velocity.
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1.1 Micromagnetic Free Energy

The micromagnetic free energy, known as Landau free energy, is a func-

tional of the magnetization and defines the energy of a magnetic system. The

common energy terms are:

1.1.1 Exchange Energy

The exchange energy originates from the interaction energy between

two adjacent spin (Eij = −2JSi · Sj). In the continuum limit, the interaction

energy can be written as

Eex =
A

M2
s

∫
V

dV [∇M]2 (1.1)

where A is the exchange stiffness and Ms is the saturation magnetization.

1.1.2 Zeeman Energy

Zeeman energy, or external field energy, is the potential energy of a

magnetic system in an external magnetic field. Zeeman energy is given by

Ez = −µ0

∫
V

dVM ·H0 (1.2)

where H0 is the external field, and it can be a function of position.

1.1.3 Magnetostatic Energy

The magnetostatic energy is known as stray field energy, demagnetiza-

tion energy, or dipolar energy, which is the energy of a magnetized sample in
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its own demagnetizing field. The energy is given by

Ed = −µ0

∫ M

0

Hd · (dM) (1.3)

= −µ0

2

∫
V

dVHd ·M. (1.4)

Using Stoke’s theorem, Eq. 1.4 can be written as

Ed =
µ0

2

∫
space

H2
ddV. (1.5)

Note that the magnetostatic energy is always positive and it is a non-

local functional of magnetization, thereby energy minimization is a computa-

tionally difficult problem.

1.1.4 Anisotropy Energy

Magnetic anisotropy energy arises from either the interaction of elec-

tron spin moments with the lattice via spin-orbit coupling or induced due to

local atomic ordering. Therefore, the interaction energy can depend on the

directional cosine αi between the magnetic moment m = (α1, α2, α3) and the

crystallographic axes. If we expand this energy density ϵani in power series of

αi, the anisotropy energy can be written as[2]

Eani =

∫
V

dV ϵani(m), (1.6)

ϵani = ϵ0 +
∑
ij

bijαiαj +
∑
ijkl

bijklαiαjαkαl + · · ·. (1.7)

In Eq. 1.7 only even terms will be included because the invariance of the

Hamiltonian with respect to time reversal implies ϵani(m) = ϵani(−m). And

3



the crystalline symmetry imposes some relationships between the coefficients

of given order.

For systems with cubic symmetry, such as Fe and Ni, terms of order 2

are forbidden. The usual expression for the cubic anisotropy is given by

ϵani = K0 +K1(α1
2α2

2 + α2
2α3

2 + α3
2α1

2) +K2α1
2α2

2α3
2 · · · . (1.8)

For systems with hcp structure, the anisotropy energy is uniaxial and

the expression is given by

ϵani = K0 +K1sin
2θ +K2sin

4θ + · · ·. (1.9)

Finally, the system energy of ferromagnetic structures can be explained

by the Landau free energy:

GL =

∫
V

(
A

M2
[∇M]2 + ϵani(M)− 1

2
µ0Hd ·M− µ0H0 ·M

)
dV, (1.10)

where M =magnetization vector, Hd =demagnetizing field, H0 =applied ex-

ternal field, and A =magnetic exchange constant.

1.2 Micromagnetic Equilibrium

The stable magnetization configurations can be obtained based on the

minimization of the Landau free energy. By minimizing the Landau free energy

a set of equations, as known as Brown’s equations[3], is derived:

M×Heff = 0, (1.11)

M× ∂M

∂n
= 0, (1.12)
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with ∂/∂n denoting the derivative in the outside direction normal to the sur-

face. The first condition must be fulfilled for every point inside the sample,

the second is a boundary condition for the surface. The effective field Heff is

given by

Heff =
2

µ0M2
s

∇(A∇M)− 1

µ0

∂ϵani
∂M

+Hd +H0. (1.13)

It contains the applied field H0, the demagnetizing field Hd, as well as the

exchange and anisotropy contributions. In principle, solving Brown’s equations

yields the equilibrium magnetization distributions.

1.3 Topological Defects in Magnetic Systems

Topological defects are general consequences of almost all symmetry

breaking process. They arise naturally when a system goes through a phase

transition from a symmetric phase to a phase in which the symmetry is broken.

There are several elementary topological defects in magnetic systems[4–6].

The winding number is the change in the angle of the local magneti-

zation, integrated over a loop and divided by 2π. The winding number (or

vorticity) is n = 1 for a vortex, regardless of the clockwise or counterclockwise

chirality, and n = −1 for an antivortex, as shown in Fig. 1.1. The polarity

represents the polarization direction of a core. A vortex or antivortex with

winding number n and core polarity p has a half-integer skyrmion number

q = np/2. The winding number and the skyrmion number are both conserved

during a continuous deformation of the magnetic configuration.
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Vortex Antivortex 

c 
p 
n 
q 

1 1 -1 
1 -1 1 1 -1 
1 1 1 -1 -1 

1/2 -1/2 1/2 -1/2 1/2 
c: chirality, p: polarity, n: winding number, q: skyrmion number (q=pn/2) 

Figure 1.1: Topological characteristics of vortex and antivortex.

1.4 Magneto-Optical Kerr Effect

When a beam of polarized light reflects off a magnetized surface, the

plane of polarization of the light can slightly rotate due to the spin-orbit

interaction. This phenomenon is known as the magneto-optical Kerr effect

(MOKE), named after Reverend Kerr who discovered the effect in the 19th

century. The MOKE is a powerful experimental technique to study the mag-

netic properties of thin films, multilayers, and nanostructures.

The spin-orbit interaction makes the electron wave functions asymmet-

ric in such a way that a linearly polarized electromagnetic wave generates an

electric current perpendicular to the polarization plane. A linearly polarized

wave can be decomposed into a right-handed circularly polarized wave and a

left-handed circularly polarized wave traveling along the z direction with dif-

ferent velocities (c/n+ and c/n−). The superposition of two components gives

rise to a Kerr ellipticity and a Kerr rotation.
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However the symmetry of the solutions can be also be described by

simple arguments using the concept of a Lorentz force acting on light-agitated

electrons[7]. In Fig. 1.2(a), a linearly polarized beam will in induce electrons to

oscillate parallel to its plane of polarization. The Lorentz force induces a small

secondary motion perpendicular to the primary motion, which is proportional

to VL = E × m. Therefore the reflected beam has an extra component Rk,

resulting from the secondary electron motion.

M 

polar 

longitudinal 

transversal 

(b) 

M

r

M

r

M

r

V L 

R K 

(a) 

P 

S 

Figure 1.2: Illustration of the magneto-optical Kerr effect (MOKE). (a) Polar
MOKE. (b)Geometries of MOKE.

There are three geometries of MOKE (polar, longitudinal, transverse),

depending on the magnetization direction of a sample as shown in Fig. 1.2(b).

In addition to these three geometries, the incident light can be s(perpendicular:

senkrecht in German) or p (parallel) polarized.
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Chapter 2

Experimental Setup

2.1 Magneto-Optic Kerr Effect Polarimeter

The magneto-optic Kerr effect (MOKE) polarimeter has been used as

a powerful experimental tool to study the magnetic properties of thin flims

and micro/nano structures. The advantages of MOKE include high surface

sensitivity, high temporal and spatial resolution. In this thesis, UHV in-situ

MOKE polarimeter and high-bandwith scanning MOKE polarimeter were used

to explore the magnetic properties of our samples.

2.1.1 UHV MOKE System

This MOKE polarimeter incorporates the ultra-high vacuum (UHV)

chamber equipped with LEED and AES surfaces probes. Figure 2.1 shows

the schematic diagram and photo of the UHV MOKE polarimeter. The UHV

polarimeter was used to probe for magnetic properties of our samples that

require UHV, low temperature, or high temperature environment.

2.1.1.1 UHV Electromagnet

The electromagnet was designed to operate in UHV environment. The

electromagnet coil is installed outside of the vacuum chamber to avoid out-
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Figure 2.1: Schematic diagram and image of the UHV MOKE polarimeter.
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Figure 2.2: UHV electromagnet design and magnetic field calibration.

gassing from heated coil. The magnetic field inside of the vacuum chamber

is generated by a yoke as shown in Fig. 2.2. The field calibration was carried

out by using a gaussmeter (Lakeshore Model 410). The maximum magnetic

field is 450 Oe. However, the maximum sweeping frequency is limited to a few

10 Hz due to the high inductance.

The cold finger with an e-beam heater was designed to cooperate with

the UHV magnet as shown in Fig. 2.3. A sample is mounted on the cold

sample W filament 

Figure 2.3: Cold finger with an e-beam heater.
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• Temperature range:   150 K~300 K 

• AC magnet: < 60 Oe  (3.12   Oe /A ), <10 kHz 

• RF magnet: < 60 Oe (3.61  Oe /A), <100 MHz 

• XY stage: ~0.5 μ m spa"al resolu"on 

AC magnet 

Copper braid 

Cold finger with a RF stripe line 

Figure 2.4: XY sample stage and high frequency magnet.

finger that is in good thermal contact with a LN2 dewar, and its temperature

is measured via two calibrated thermocouples pressed against the top and

bottom surfaces of the sample. The lowest operating temperature is 140 K.

The sample also can be heated by radiation and electron-beam bombardment.

2.1.1.2 XY Sample Stage and High Frequency Magnet

To measure domain-wall dynamic properties of micro/nano structures,

a high precision xy manipulator and a high speed electromagnet are required.

Figure 2.4 shows a custom-built precision ultra-high vacuum xy manipulator

(SEM-type stage) to adapt our high-speed, high spatial resolution MOKE

techniques to a cryogenic environment. This xy sample stage is equipped with

an ac electromagnet (band-width limit:10 kHz) and a RF strip-line magnet

(band-width limit:100 MHz). This xy sample stage allows a wide variety of

11



new experiments, such as quantifying the role of thermal activation in field-

and current-driven DW motion, and exploring materials systems that require

a low-temperature environment.

2.1.1.3 Polarimeter Sensitivity Calibration

The polarimeter sensitivity was determined by placing a Faraday cell

in the optical path between the polarizer and the sample. The home-built

Faraday cell consisted of a 1-mm-thick glass slide (Verdet constant V ∼=

15×10−3 min/Oe cm) and a current-carrying coil having its axis along the opti-

cal path. This Faraday cell produced rotations of approximately 0.5 µrad/Oe.

A (nonmagnetic) gold mirror was mounted on the sample holder for the cali-

bration. Figure 2.5(a) displays the calibration of polarimeter based on Faraday

cell showing detected rotation of 1 µrad with sensitivity corresponding to a

signal-to-noise ratio of 20:1. This condition is equivalent Kerr rotation of

0.05 µrad at a signal-to-noise ratio of 1:1, which is the sensitivity limit of our

polarimeter. Figure 2.5(b) shows the detected background signal with 400 Oe

peak-to-peak magnetic field. At this sensitivity of 0.05 µrad, the Faraday ro-

tation produced by the stray-field component of the electromagnet interacting

with vacuum viewports is easily observed as shown in Fig. 2.5(b). The back-

ground signal (induced by the stray-field) was partially reduced by µ−metal

shielding of viewports and objective lens.

Based on this high sensitivity of our polarimeter, the surface mag-

netism of V(001) was explored. A high-sensitivity probe for surface magnetism

12
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Figure 2.5: Polarimeter sensitivity evaluation and background noise signal.

based on this magneto-optic Kerr effect polarimetry using the cleanest surfaces

achieved in the LEED experiment ( 5% C) yields a (sensitivity limited) null

result with an estimated upper limit of 0.05 µB/surface atom. These results

were published in Physical Review B[8], and (we believe) finally settles the

controversy regarding surface magnetism of clean V(001).
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2.1.2 High-Bandwith Scanning MOKE Polarimeter

The high-speed and high-spatial resolution MOKE polarimeter[9] has

permitted adapting the classic Sixtus-Tonks time-of-flight method[10] for de-

termining domain-wall velocity to one-dimensional nanowire structures[11]. A

schematic diagram and a photo are shown in Figure 2.6. This polarimeter can

probe magnetic domain-wall dynamics in thin films and nanostructures with

∼ 1 µm spatial resolution and 2 ns temporal resolution.

The spatial resolution of the polarimeter is determined by the probe

beam spot size and the sample scanning stage. The diffraction-limited spot

size is given by

d = 1.22
λ

NA
(2.1)

where λ is the wavelength of light and NA is the numerical aperture of the

objective lens. Our polarimeter is equipped with a microscope objective (Mi-

tutoyo M Plan Apo, NA = 0.28, Working distance=33.5 mm) and a diode-

pumped solid state laser (Crystal Laser RCL-658-50) with an operating wave-

length of 658 nm. Therefore, the minimum spot size is 2.9 µm.

The sample scanning stage is controlled by stepper motors of ∼ 20 nm

step size, and optical linear encoders allow closed-loop positioning with∼ 1 µm

accuracy.

Fast photomultiplier tubes(PMT: Hamatsu R1894, risetime∼ 0.8 ns)

are used for the high-bandwidth signal detection. The detected signals from

PMTs are pre-amplified by 2-stage-cascaded pre-amplifiers (SRS SIM914: 350
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δ=20.9 μm 

Figure 2.7: Current density distribution and magnetic field generated by a
500 µm wide semi-circular wire, simulated for 10 MHz ac current and 125 µm
thick substrate.

MHz bandwith). These signals are transferred to the 1 GHz-bandwidth digital

oscilloscope (LeCroy Wavepro 960) through a 500 MHz differential amplifier

probe. The system bandwidth is mostly limited by the pre-amplifiers (SRS

SIM914).

For the high-bandwidth signal detection, the bandwidth of the magnet

is also important parameter. The high-bandwidth magnet is shown in Fig. 2.7.

A magnetic field is generated by passing an electric current through a 500 µm

wide semi-circular wire. If the frequency of driving current is high, the electric

current flows mainly at the surface of a conductor. In normal cases, it is

approximately given by skin-effect formulas

J = Jse
−d/δ, (2.2)

δ =

√
2ρ

ωµ
, (2.3)

where ρ, ω, and µ are resistivity, angular frequency, and absolute magnetic

permeability, respectively. Figure 2.7 shows the calculated current density
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distribution and magnetic field generated by a 10 MHz ac current. The

experimentally-calibrated field is in good agreement with the numerical re-

sults.

2.2 Thin Film Deposition and Characterization

The Permalloy (Py) thin film was grown with tantalum capping layers

into a structure of Ta(3 nm)/Py(20 nm)/Ta(5 nm) on a 125 µm thermally oxi-

dized Si (100) substrate using DC magnetron sputtering at room temperature.

In order to impart an in-plane anisotropy to the Py layer, a magnetic field of

100 Oe was applied during the Py deposition.

Before patterning, the thin film was inspected with an atomic force

microscope (AFM) and a scanning electron microscope (SEM) to check surface

morphology. The magnetic properties of the thin film were explored using

magneto-optical Kerr effect polarimetry.

The in-plane magnetic properties were measured by the magneto-optical

Kerr polarimetry with a rotatable sample stage. Figure 2.8 shows the in-plane

magnetic properties of Ta(3 nm)/Py(20 nm)/Ta(5 nm) thin film. The hystere-

sis loops [Fig. 2.8(a)] indicate the uniaxial anisotropy induced by the applied

magnetic field during the growth of Py. The magnetic easy axis is aligned

parallel to the applied magnetic field direction during the deposition of Py as

shown in Fig. 2.8(b). The measured coercive field is as low as 1.25 Oe.
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Figure 2.8: Magnetic properties of Ta(3 nm)/Py(20 nm)/Ta(5 nm)thin film.
(a)Hysteresis loops measured by magneto-optical Kerr polarimetry. (b) An-
gular dependence of the remanent magnetization.
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Figure 2.9: Scanning electron micrograph of a Py nanowire.

2.3 Micro/Nano-Structure Fabrication

After deposition and pre-characterization, nanowire structures were

patterned on the Ta(3 nm)/Py(20 nm )/Ta(5 nm) trilayer film using a focused

ion beam (FIB: FEI Strata DB235) system. The ion beam has the capability

of sputtering away surface atoms interacting with the beam allowing the FIB

to be used as a milling tool if high ion currents are selected. Figure 2.9 shows

a typical scanning electron micrograph of a patterned Py nanowire. A 100 pA

ion current of Ga+ was used for the large area milling, while a 10 pA ion

current was used for the small structure milling to reduce edge roughness of

the nanowires. The nanowire structures were aligned parallel to the magnetic

easy axis to reduce the injection field that is the minimum field required to

inject a magnetic domain wall from the injection pad. One end of the wire is

contiguous with the the large-area flim, providing a source for domain walls,

while the other end of the wire is tapered into a point to inhibit domain-wall

nucleation within the nanowire.
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2.4 Domain-Wall Velocity Measurement Method

The patterned nanowire structure on the oxide-coated Si(100) substrate

is mounted onto the semi-circular magnet wire. The nanowire axis has to be

aligned parallel to the driving field to maximize the longitudinal field compo-

nent, and it has to be located on the center of the semi-circular magnet wire

to minimize local variation of longitudinal field components. This alignment

is carried out using the microscope incorporated in the polarimeter.

Domain-wall velocity measurements consist of repeating domain-wall

injections, measuring the time-resolved MOKE signals at the position of the

probe laser beam spot along the nanowire, and incrementing the probe-beam

position.

satura�on injec�on driving 

+Hinj 

-Hinj 

Injec�on pulse 

�me

Figure 2.10: Magnetic field sequence for a domain-wall velocity measurement.

Figure 2.10 shows the schematic diagram of applied-magnetic field se-

quence for a domain-wall velocity measurement. The field waveform sequence

20



saturates the sample and then applies a field pulse into opposite direction to

create and then inject a pinned domain wall. The domain wall propagation is

then driven by a constant driving field. Approximately, corresponding MOKE

signals of 105 cycles are averaged at one position for a constant driving field

to improve the signal-to-noise ratio.

Figure 2.11 displays the measured MOKE signals at the positions of

injection pad and nanowire with a driving field of 15 Oe. The domain-wall

velocity is determined by measuring the time of flight at different positions

along the nanowire. Figure 2.12 shows the corresponding MOKE signal map-

ping with the same field sequence (i.e., 15 Oe driving field). The amplitude

mapping [Fig. 2.12(b)] reveals the patterned nanostructure corresponding to

the scanning electron micrograph as shown in Fig. 2.12(a). Figure 2.12(d)

shows the intensity line profile along the line AB in Fig. 2.12(b). The time-

of-flight mapping [Fig. 2.12(c)] shows magnetic dynamic properties. From the

line profile as shown in Fig. 2.12(e), the domain-wall velocity for the drive field

of 15 Oe is determined. Figure 2.13 is same as Fig. 2.12 except for scanning

parameters (24 µm× 7 µm, 0.25 µm step).
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Figure 2.13: (a) Scanning electron micrograph of a 1050 nm wide nanowire.
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Chapter 3

Spin Distributions and Dynamics in Soft

Magnetic Nanowire Domain Walls

3.1 Introduction

Electron spins in soft magnetic material fabricated into nanowires align

to form head-to-head or tail-to-tail magnetic domains, separated by domain

walls (DWs) having widths of a few hundreds of nanometers (Fig. 2.10)[7].

The properties of DWs confined and guided by nanowire conduits are techno-

logically important: Magnetic nanowires can be used for storing and process-

ing magnetically-coded information in logic and memory devices[12–14], and

are being explored as the basis for lab-on-a-chip platforms for manipulating

and functionalizing magnetic nanoparticles (trapped by DW stray fields) for

biomedical applications[15–17]. Thin-film based magnetic nanowire structures

have also become an important venue for probing fundamental properties of

magnetic-field[1, 11, 18, 19] and electric-current[20–25] driven DW propagation

in confined geometry model 1-dimensional (1D) structures.

The static spin distribution in soft magnetic nanowires (Permalloy, for

example) is governed by the competition between anisotropy and exchange

energies[7] (Section 1.2, Ch. 1). Magnetostatic analysis leads to the conclu-
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sion that the spin distribution in a nanowire consists of magnetic domains

(regions of in-plane magnetic saturation, M = Ms) separated by DWs of

widths ∼ 100 nm. However, the complexity of cross-sectional-area dependent

anisotropy energies requires numerical approaches[26, 27] to determine the spin

distributions within a DW for prescribed nanowire geometry.

Prior numerical simulations have explored the static spin distributions

within DWs confined by rectangular Permalloy nanowires. McMichael and

Donahue[26] showed that the phase boundary between transverse wall (TW)

and vortex wall (VW) structures is governed by the empirical formula tw =

Cδ2 where t is the wire thickness, w is the wire width and δ =
√
A/µ0M2

s is the

magnetic exchange length. The dimensionless constant C = 128 was obtained

by fitting the numerically-determined phase boundary. The other physical

parameters for Permalloy are the exchange stiffness, A = 1.3× 10−11 J/m and

saturation magnetization, Ms = 8.0× 105 A/m.

A refinement of the phase diagram for a 1D rectangular wire was re-

ported by Nakatani, Thiaville and Miltat[27]. They showed that a third dis-

tinct topological DW phase, the asymmetric transverse wall (ATW) existed

between the TW and VW phases along a region of the TW-VW phase bound-

ary. Nakatani et al. also explored the role of TW spin distributions within

a propagating DW in governing the wall mobility by calculating the effective

DW width parameter, ∆, and correlating it with the mobility function µ(H).

The Walker low-field analytical solution[28] for a field-driven TW predicts a

propagation velocity described by v = µH with µ = γ∆/α, where γ = gyro-
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magnetic ratio, ∆ =wall width, and α =spin damping parameter. This (linear

mobility) solution is valid for H < Hw; above Hw, oscillatory DW displace-

ments driven by precessional motion invalidates the stationary TW assumption

of the model.

While the Walker analytical solution is compatible with mobility mea-

surements and numerical simulations for low drive fields, mobility measure-

ments[25] manifest critical fields Hc (characterized by the breakdown of linear

mobility behavior) far below the analytical prediction forHw. Measured values

of Hc for Permalloy nanowires are Hc = 5 Oe. The analytical model predicts

Hw = αK/µ0Ms = 100 Oe where K is the anisotropy energy. Clearly the

analytical model fails[18] at values of Hc ≪ Hw; i.e., at values of H far be-

low the precessional mode regime associated with the Walker field. Numerical

simulations account for this failure: Vortex formation becomes energetically

favorable at critical fields Hc below the Walker field. The transformation of

the DW motion to (precessional) vortex dynamics above an experimentally-

determined critical field underlies the importance of numerical simulation of

DW propagation above the critical field. While analytical models of preces-

sional velocity oscillations[1, 7] are capable of providing a qualitative account of

measurements[1, 11] and simulations[1, 29] above the critical field, numerical

simulations offer the only realistic prospects for quantitative understanding

of DW dynamics that are dominated by topologies other than simple TW

structures. This chapter describes a systematic simulation study of static and

dynamic spin distributions in rectangular cross section Permalloy nanowires.
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3.2 Numerical Simulation Method

The micromagnetic simulations were carried out using a version of LLG

Micromagnetic Simulator developed by M. R. Scheinfein[30] and adapted to

The University of Texas TACC Lonestar Cluster[31]. The Cray-Dell cluster is a

5840 core 64-bit Linux-based system capable of 62 TFLOP peak performance.

Systematic numerical studies of parameter-dependent effects carried out using

the Lonestar Cluster can be executed at a rate of 100 to 1000 time faster

and at greater (64 bit) precision than on a (singe node) desk-top computer.

For more details, see Appendix A, ”How to Run LLG of TACC Lonestar

Version.” This significantly-enhanced performance has allowed exploration of

spin distribution phase diagrams and mobility curves on a broader and finer

parameter-space scale than previously accessible. The improved numerical

simulation resolution has revealed new static and dynamic spin topologies and

static (H = 0) phase-boundaries of the spin configurations that are described

in this chapter.

All of the numerical simulations for both static and dynamic spin distri-

butions were carried out using materials parameters appropriate for Permalloy

(Ni80Fe20): saturation magnetization Ms = 800× 103 A/m, exchange constant

A = 1.0× 10−11 J/m and Gilbert damping constant α = 0.01 (α = 1 for static

spin distributions). Simulations that explored the static phase boundaries cov-

ered rectangular dimensions that extended to 50 nm thickness and 1000 nm

width. Domain-wall dynamics were studied in rectangular cross section wires

of 20 nm thickness and selected widths ranging from 60 nm to 700 nm (which
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span an interesting region of the static phase diagram) for applied fields ex-

tending to 150 Oe and over time periods required to fully characterize the

oscillatory DW displacements. The unit cell size(Fig. 3.1) and numerical inte-

gration time step in the simulations were 4 × 4 × 20 nm3 and 0.3 ps, respec-

tively. To reduce the simulation system size, moving boundary conditions were

adopted keeping the DWs far away from the ends of nanowires. In the pa-

rameter space regions of viscous, oscillatory and vortex-antivortex resonance

modes, the ratio of the length and the width of the simulation system size

was 7.5 i.e., for 400 nm width, the simulation system length was chosen to be

l = 3 µm). For the stretching mode (described later), however, the ratio was

20 (i.e, for the 400 nm width, the simulation system length l = 8 µm), because

the DW tends to be elongated in this mode. The average domain wall velocity

for an external field was obtained after the total simulation time of ∼ 100 ns.

  

unit cell 

(boundary condi!on) (boundary condi!on) 

Figure 3.1: Schematic of discretization scheme for a head-to-head DW.

3.3 Static Spin Distributions and Phase Boundaries

The stable DW types illustrated in Fig. 3.2(a) were found by relaxing a

random spin configuration within the simulation volume subject to the bound-

ary conditions that define the nanowire geometry. For the nanowires with small
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Figure 3.2: Stable domain-wall spin distributions in rectangular cross-section
Permalloy nanowires. (a) Simulations of transverse wall(TW), asymmetric
transverse wall(ATW), vortex wall(VW), double-vortex wall(DVW), triple-
vortex wall(TVW),cross-tie wall(CTW), (b) schematic of domain-wall types
showing topological winding numbers.
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cross-sectional area, TW or VW were mostly found, depending on random ini-

tial spin configurations. However, for the thick and wide nanowires, various

types of DWs emerged, such as double-vortex wall (DVW), triple-vortex wall

(TVW) and cross-tie wall (CTW).

Figure 3.2(b) illustrates topological defects of DWs (Figure 1.1 in Sec-

tion 1.3, Ch. 1). The TW (or ATW) has two fractional topological edge defects

(winding number n = −1
2
and +1

2
). The VW is made of two −1

2
edge defects

and one +1 bulk defect. The DVW is made of three n = −1
2
edge defects

and two +1 bulk defects. The TVW is composed of six n = −1
2
edge defects

and three +1 bulk defects. The CTW is made of two −1
2
edge defects, two

+1 bulk defects, and one -1 bulk defect. The sum of the winding numbers of

edge defects is thus the negative sum of the winding numbers of bulk defects,

making the total sum of winding numbers to be zero.

Crossover boundaries and transition boundaries were determined by

starting with a stable configuration which was found with a random spin con-

figuration for a prescribed set of cross-sectional dimensions. The thickness t

was then incrementally increased (when starting from a TW) or incrementally

decreased (when starting from any of the other stable wall configurations) and

the DW spin configuration was allowed to relax to the lower energy configura-

tions. Thickness increments were reduced to 0.05 nm near phase boundaries

to improve the accuracy.

Figure 3.3 shows the schematic of crossover point and transition point

between transverse and vortex walls. As increasing cross-sectional area, the
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Figure 3.3: Schematic of crossover point and transition point. A transforma-
tion from transverse wall to vortex wall occurs with increasing cross-sectional
area.

TW in a global minimum state goes through the crossover point and becomes

a local minimum state, then after passing the transition (saddle) point the

TW transforms into a VW that is a new global minimum spin configuration

for thick and wide nanowires. Figure 3.4 displays the phase diagram of TW(or

ATW) and VW obtained comparing the energy of DWs. It shows one crossover

boundary [E(TW) = E(VW)] and two transition boundaries (TW→ATW

and TW→VW). The crossover boundary [E(TW) = E(VW)] was previously

reported[26] and our simulation reproduces the result rather well. Nakatani

et al. reported that the ATW area belongs to the TW area[27]. However,

our phase diagram shows that the ATW expands to the area where the VW

is a global minimum configuration. The TW→VW transition boundary is

experimentally more important than the crossover boundary because below

the TW→VW transition boundary, TW and VW can coexist and can be

transformed into each other by thermal activation or applied external magnetic

32



100 200 300 400
0

10

20

30

 

 

T
h
ic

k
n
e
s
s
 (
n
m

)

Width (nm)

 E(TW)=E(VW)

 TW->VW

 TW->ATW

 TW

 VW

Figure 3.4: Phase diagram for TWs and VWs.

fields.

We explored more detailed phase boundaries by including DVW, TVW,

and CTW. Figure 3.5 displays the domain-wall energy as a function of nanowire

thickness. Note that for the purpose of visualization the domain-wall energies

were divided by t1.7. The transition points are indicated by arrows. The

TVW transforms into a DVW, and the DVW and CTW transforms into a

VW as the thickness of nanowires is reduced. However the VW is stable

(global minimum or local minimum states) over the whole region we studied.

The crossover boundaries were determined by the energy crossing points. The

global minimum spin configuration becomes TW, VW, DVW, and TVW in

turn as increasing the cross-sectional area of nanowires. The CTW exhibits

33



0 10 20 30 40 50 60
5.20E-012

5.40E-012

5.60E-012

5.80E-012

6.00E-012

6.20E-012

6.40E-012

6.60E-012

6.80E-012

7.00E-012
width=300nm 

E
/t

1
.7

Thickness (nm)

 TW
 VW
 DVW
 TVW
 CTW

VW DVW TVW TW 
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only a local minimum state.

Figure 3.6 shows the extended phase diagram of domain-wall types.

There are three main regions: In the region Ia( TW=global,VW=local), Re-

gion Ib (TW=global, VW/DVW=local); Region IIa (VW=global, TW=local),

Region IIb (VW=global, TW/VW/DVW=local), Region IIc (VW=global,

VW/DVW=local); Region IIIa (DVW=global, TW/VW=local), Region IIIb

(DVW=global minimum, VW=local minimum). Note that TVW ,CTW, and

ATW are not included for the purpose of visualization. The CTW is not a

global minimum configurations in the whole region we studied. In the case of

a TVW, it has a global minimum state at just above the E(DVW) = E(VW)

crossover boundary.

Note that the transition boundary of DVW→VW is below t = 20 nm for

the widths of w > 200 nm. Therefore, we can expect more complex dynamic

behaviors for the large cross-sectional nanowires. First of all, it is not easy

to control the injected domain wall types due to the coexistence of several

(local) minimum states. Even the pre-determined domain wall type can be

transformed into the other types by such as bias fields, driving fields,spin

torque and thermal activation.

3.4 Domain Wall Dynamics

Figure 3.7 displays simulated mobility curves v(H) for 20 nm-thick rect-

angular Permalloy nanowires ranging in width from 60 nm to 700 nm. Vortex

domain walls were used as an initial state in the simulations. This figure pro-
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vides information that could be considered as components of a dynamic phase

diagram. For example, as a function of nanowire width, for fixed thickness,

the sequence of mobility curves shows that the critical field (transition from

linear mobility to negative differentiated mobility) is only weakly affected by

nonowire width but the transition to a high-mobility stationary configuration

vortex-antivortex mode (green symbols) and stretching mode configuration

(blue symbols), both of which are discussed later, exhibit systematic depen-

dence on the nanowire width.

All of the mobility curves (Fig. 3.7) exhibit a region of linear mobility

that extends from low drive fields up to the critical field Hc ∼ 10 Oe. The

critical field shifts to lower drive-fields as the nanowire width is increased

from 60 to 700 nm as shown in Fig. 3.8. The DW spin configuration in the

60 nm wide nanowire is primarily a TW structure, consistent with the static

phase diagram prediction. However stable VW propagation (square symbols

at near zero drive fields) is observed in the 60 nm wide nanowire below 4 Oe.

All 20 nm-thick nanowires having widths equal to or greater than 100 nm

exhibit uniform (non oscillatory) VW propagation for longitudinal fields below

10 Oe. The simulations for the 100 nm-wide case at H = 10 Oe yield a

stable TW structure at Hc (single round symbol at Hc). The selected 100 nm

width for the mobility curves displayed in Fig. 3.7 places the 20 nm thick

nanowire near the TW-VW phase boundary and based on the observation

that this nanowire geometry supports VW structures below H = 10 Oe, it

is possible that the applied longitudinal field is responsible for stabilizing the
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Figure 3.8: Dynamic mode boundaries (a) and critical fields (b) for 20 nm-
thick rectangular Permalloy nanowires as a function of wall width.

TW structure observed near the critical field where TW oscillations begin to

occur in the 60 nm and 100 nm-wide structures. Note that for H > Hc the

oscillating TW mode remains stable throughout the entire drive field range

studied (to 400 Oe, not shown in Fig. 3.7) only in the 60 nm and 100 nm wide

structures. All wider widths exhibit DW mode transformations.

Domain-wall motion just above the critical field is characterized by

negative differential mobility. The reduced mobility (for w > 200 nm) is caused

by the gyrotropic motion of vortex core that sweeps back and forth between

the nanowire boundaries, changing core polarity at each wall reflection. The

average forward motion of the core is slowed by the oscillatory displacement

along the wire which accounts for the negative differential mobility. This

region of complex oscillatory motion has been explored experimentally[1, 11]

and theoretically by analytical models[1] and by prior numerical simulations[1,
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29].

Our high-resolution simulations show that 20nm-thick nanowires hav-

ing widths of 200 nm and greater, exhibit regions of drive-field strength over

which a stable VW-AVW pair forms (green triangular symbols in Fig. 3.7).

This stable spin configuration propagates at a significantly higher velocity than

that associated with the oscillatory motion of single VW/AVW propagation.

In addition, a second distinct high mobility non-stationary spin distribution

(stretching mode) is observed at higher applied fields as the nanowire width is

increased (blue star symbols in Fig. 3.7). Figures 3.7 and 3.8 show a system-

atic shift of both high mobility structures to lower drive field as the nanowire

width is increased.

Figure 3.9 isolates the mobility curve for the 300 nm× 20 nm nanowire

structure and describes in greater detail the DW motion by illustrating the

spatial average of displacement and velocity records associated with the five

distinct drive-field regions designated by symbols having different color. Re-

gion I (0 < H < 10 Oe) is characterized by an essentially linear mobility

behavior with mobility equal to approximately 25 m/sOe. Corresponding dis-

placement and velocity plots [Fig. 3.9(b) for H = 6 Oe] are labeled viscous

Region I. In this region, the DW accelerates to a terminal velocity of 194 m/s

in a time constant of 9.4 ns with a velocity curve accurately described by an

exponential function. Region II (above the critical field, Hc ∼ 10 Oe) the ve-

locity oscillates between ±300 m/s with high regularity in the velocity record

observed for every second cycle (the repeat period is about 18 ns). The dis-
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placement record also exhibits the 18 ns period with an average slope of the

distance vs. velocity record corresponding to v ∼ 75 m/s. This oscillatory

mode persists from Hc = 10 Oe to H = 40 Oe where a new high-velocity

mode forms over two narrow drive-field ranges (Regions III and IV). The two

regions, one centered around 40 Oe and the second extending from about 52 Oe

to 75 Oe are characterized by coupled vortex and antivortex pairs that prop-

agate as quasi-stationary spin configurations at high velocity. The two modes

have slightly different structure and time records (described in Fig. 3.9). The

lower field high-mobility structure [Region III, VW-AVW(down)] is less sta-

ble and exhibits larger-amplitude high-frequency velocity of oscillations, but

with a high average velocity of approximately v = 225 m/s. The higher field

structure (Region IV) becomes stable with small-amplitude high-frequency os-

cillations around 200 m/s after 10 ns (the lower field mode requires over 20 ns

to stabilize), and reaches a maximum average velocity of about 25 m/s at

H = 75 Oe. A new stretching mode emerges for H > 75 Oe (Region V). The

region between H = 40 and 52 Oe that separates the high velocity VW-AVW

modes supports an oscillatory mode similar in character to the one that was

described for Region II. Applied fields above 75 Oe produce a stretching mode

that propagates at high velocity around H = 94 Oe.

3.5 Conclusions

A systematic numerical simulation study of static and dynamic spin dis-

tributions in rectangular cross-section Permalloy nanowires was carried out.
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The total topological charges of stable domain wall types is zero. In the thin

and narrow nanowires, the exchange energy is dominant thereby a simple TW

type is a global minimum state. As the cross-sectional area(wt) increases, the

magnetic charge (2Mswt) within a DW increases the magnetostatic energy. In

this magnetostatic limit, the magnetostatic energy can be minimized by in-

creasing the number of topological defects, spreading out the magnetic charge.

The static phase diagram of domain-wall types shows that several local mini-

mums including a global minimum can be coexist and the transition boundary

is much more complex. It is shown that there are several distinct dynamic

modes and the dynamics mode are related to the domain-wall phase diagram.
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Chapter 4

Magnetic Domain-Wall Velocity Oscillations

in Permalloy Nanowires

4.1 Introduction

Magnetic-field-driven domain-wall (DW) dynamics in magnetic nanos-

tructures is a topic of considerable interest[11, 25, 27, 32–35]. Patterned mag-

netic nanowires offer prospects for a new generation of spintronic devices[13,

36, 37], and also serve as model systems for exploring fundamental issues re-

lated to spin distributions and dynamics in DWs driven by external magnetic

fields or electric currents[25, 38]. The domain structure in a nanowire consists

of head-to-head or tail-to-tail magnetic domains separated by a domain wall

having a width of the order of a few hundreds of nanometers. The spin dis-

tribution within stationary or moving DWs can manifest relatively simple or

complex behavior. The static spin distributions (no applied field or current)

are well understood and can generally be determined by numerically solving

the Brown’s equations based on energy minimization. Phase diagrams (pre-

vious chapter) that describe how static and dynamic DW spin distributions,

i.e., transverse walls (TW) or vortex walls (VW) and the phase boundaries

separating DW structures of differing topology, are affected by nanowire cross

sectional dimensions have been calculated[27] and tested by experiments.
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However, the dynamics of DWs in nanowires under field-driven con-

ditions are less well understood. While numerical simulations based on the

Landau-Lifschitz-Gilbert (LLG) equation offer one approach to exploring the

details of DW dynamics in nanowire structures, direct time-resolved experi-

mental observation of these phenomena on relevant time and spatial scales is

not feasible. Progress on these issues will require experimentally-tested sim-

ulation capability. In this chapter (published in Physical Review B[1]), we

demonstrate a connection between experimentally-detected oscillations in the

field-driven DW velocity and the models and simulations that describe the

oscillations.

4.2 Experimental

One important feature of DW dynamics in nanowires has been es-

tablished: magnetic DWs are robust under the influence of currents (j <

1012A/m2) and fields; they propagate as entities similar to quasiparticles in

solids, and their motion can be described in terms of measurable parameters

such as velocities and mobilities which are sensitive to spin distributions and

dynamics within the DWs. Figure 4.1 illustrates this by displaying a recent

measurement[11] of the average DW velocity v ≡ dq/dt as a function of drive

field for a (vortex structure) DW confined to a Permalloy nanowire of cross

section 20 nm thick × 600 nm wide. The 1D model and numerical simulation

results (also shown) are discussed later. The slope of the v(H) curve at a

prescribed value of the applied magnetic field H is the DW mobility µ(H).
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Figure 4.1: Measured and simulated DW velocity (normalized to vmax ≡
v(Hw)) as a function of applied field (normalized to the Walker field Hw).
Walker breakdown occurs atH = Hw corresponding to ψ = π/4. Solid symbols
for LLG simulations designate onset of “noise” in simulated velocity described
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The results displayed represent the first complete experimental determination

of the mobility function for a nanowire-guided DW over a wide range of H.

The field-driven mobility curve exhibits three regions of qualitatively

different behavior. Region I (H < Hw, whereHw = Walker breakdown field) is

well understood in terms of Walker’s analytical solution[7]. The propagation of

a DW is characterized by a stationary spin distribution in the moving frame
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Figure 4.2: Schematic description of the spin distribution within a propagating
transverse DW showing tilt angle ψ and wall width ∆.

that moves at a uniform velocity in a constant applied magnetic field: v =

µH with mobility µ = γ∆/α where γ = electron gyromagnetic ratio (γ =

1.76 × 107Oe−1s−1), ∆ = DW width, and α = spin damping constant. The

spin configuration within a DW corresponding to region I can be most easily

visualized in terms of a TW propagating in a nanowire. In the moving frame

of the DW, the stationary spin configuration is described by a canting angle

ψ that characterizes the out-of-plane vector direction of spins within the DW

as shown in Fig. 4.2. In this region, the maximum velocity occurs at H = Hw

corresponding to ψ = π/4.

The second and third regions of the mobility curve occur above Hw

where the stationary value of ψ is replaced by precessional motion dψ/dt ̸= 0.

The second region is characterized by a nonlinear negative differential mobility

(dv/dH < 0) and the third region by a positive linear mobility, similar to what

is observed in region I, but with a significantly lower value.

The mobility curve (Fig. 4.1) was determined by magneto-optic Kerr

effect (MOKE) polarimetry using a time-of-flight (TOF) technique described

in prior publications[9, 11] and outlined in Fig. 4.3(a). A DW is injected into
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the nanowire at t = 0 by a magnetic field step of amplitude H. The flight time

t0 required for the DW to travel the distance q0 to the MOKE polarimeter

probe spot location yields its average velocity v = q0/t0. The velocity can

also be determined at the position q0 by measuring the time 2ttr required for

the DW to traverse the Gaussian-profile light spot of width 2σ: v = σ/ttr.

The detected transient is represented by an error function produced by the

convolution of the wire magnetization (modeled as a traveling step-function

centered at the DW location) with the Gaussian profile. Figure 4.3(b) displays

selected transients. When H < Hw one has v = v because the DW motion

is uniform, but for H > Hw, the oscillatory motion produces the transient

broadening characterized by the parameter ξ ≡ ttr/t
0
tr and plotted as a function

of H in Fig. 4.3(c). The parameter ξ characterizes the ratio between the

average DW velocity (determined by multiple TOF measurements) and the

instantaneous velocity (detected by multiple transient measurements) at the

light spot location.

A prior publication from our group[11] reported observation of drive-

field-dependent broadening in magnetic transients produced by a nanowire-

guided DW sweeping across the area probed by a high-speed MOKE polarime-

ter (Fig. 4.3). In Ref. [11], the observed transient broadening (Fig. 4.3(c)) was

attributed to velocity oscillations associated with precessional motion of ψ

above Hw, but no detailed analysis was presented. The coherent precessional

motion of a DW in a Permalloy nanowire was later inferred from temporal os-

cillations in the anisotropic magneto-resistance[39], but no direct detection of
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the velocity oscillations has yet been established. In the following sections, we

use analytical and numerical models to demonstrate that the transient broad-

ening in Fig. 4.3(c) is a direct consequence of the velocity oscillations of DW

motion above Walker breakdown.

4.3 One-Dimensional Model

The propagation dynamics of a DW wall can be mathematically de-

scribed by a one-dimensional model[38] that relates ψ and the wall velocity

v to parameters associated with the material. A dimensionless form of the

model is given by

dψ

dτ
= h− sin 2ψ, (4.1)

ν ≡ dx

dτ
= (1 + α2)h− dψ

dτ
, (4.2)

where h ≡ H/Hw, x ≡ αq/∆ = qγHw/vmax, τ ≡ 2παγMst/(1 + α2), vmax ≡

v(Hw) and Hw ≡ 2παMs, where Ms = saturation magnetization. In this

model, the DW velocity is constant for a fixed value of H < Hw, and the

tilt angle ψ is driven to a stationary value consistent with the strength of the

applied field H. At the Walker breakdown field (h = 1), the demagnetizing

torque, tilt angle ψ, and velocity ν reach their maximum values for the Walker

solution. If h is increased above h = 1, ψ can no longer remain stationary; ψ

advances continually, and the demagnetizing torque changes sign each quarter

period of ψ rotation. Note that the resulting velocity oscillations occur at
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twice the rotation frequency f = ω/2π given by

ω =
dψ

dτ
= 2πf =

√
h2 − 1, (h > 1). (4.3)

The rotation of ψ becomes more rapid with increasing h, and while the demag-

netizing torque that drives DW motion for h < 1 averages to zero, for h > 1,

a small damping torque term cants the wall spins towards H and continues to

drive the DW forward.

The 1D model equations (Eqs. (4.1) and (4.2)) can be combined to

obtain an equation for DW average velocity:

ν ≡ dx

dτ
= (1 + α2)h− dψ

dτ
= (1 + α2)h−

√
h2 − 1. (4.4)

When h < 1, ψ is stationary and dx/dτ is constant. With h > 1, the preces-

sional motion of ψ, described by Eq. (4.3), results in oscillatory motion of the

DW velocity.

The DW displacement, x(τ, ψ0), can be expressed in terms of the av-

erage velocity ν and its variation δν(τ) driven by precessional motion dψ/dτ .

From Eq. (4.4),

ν = ν + δν(τ) = ν + sin (2ωτ + 2ψ0), (4.5)

x(τ, ψ0) = ντ +

∫ τ

0

δν(τ)dτ

= ντ +
1

ω
sin (ωτ) sin (ωτ + 2ψ0), (4.6)

where ψ0 defines the value of ψ at τ = 0.
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Table 4.1: Parameters from LLG simulations.

Nanowire Width (nm) Walker Field (Oe) vmax (m/sec)
600 (Expt.) 4 75
(1D model)a 50 1769
200 (LLG)b 9 223
400 (LLG)b 7 245
600 (LLG)b 6 256

aCalculated for α = 0.01 and ∆ = 20nm
bDamping parameter α = 0.01; thickness=20 nm

The mobility curve in the 1D model, Eq. (4.4), is plotted together with

the measured curve in Fig. 4.1. On scales of normalized field (H/Hw) and ve-

locity (v/vmax, where vmax = v(Hw)), the model curve reproduces the essential

features of the experiment. However, the 1D model significantly overestimates

both the breakdown field and the maximum velocity, as seen in Table 4.1.

These differences are due to differences in the breakdown mechanism: uniform

wall-plane precession in the 1D model versus vortex nucleation and transverse

motion in the experimental geometry[27, 32].

4.4 Numerical Simulations

In order to account for the dynamics of a more realistic (vortex) DW

structure, numerical simulations were performed to complement the analyti-

cal model results. Simulations were performed using the University of Texas

version of the LLG Micromagnetics SimulatorTM[30]. This version is a LINUX

code compiled to run on the Dell/Cray (Lonestar) cluster (1024 nodes, 64 bit
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address) of the Texas Advanced Computing Center (TACC). The enhanced

computing power (over a single-node version) is very useful for systematic

numerical simulation “experiments”.

Simulations were carried out for 20 nm-thick nanowires using parame-

ters appropriate to Permalloy (Ms = 800 emu/cm3, α = 0.01, and exchange

constant A = 1.05× 10−6 erg/cm), with a cell size of 4 nm× 4 nm× 20 nm and

moving boundary conditions. Because the effective magnetic width of the wire

in the experiment may be significantly less than its physical width (600 nm),

due to formation of magnetically-dead regions by focused ion beam milling[40],

simulations were performed for wires of several widths (600 nm, 400 nm, and

200 nm). The calculated mobility curves for two of these widths are shown in

Fig. 4.1.

The values of Hw and vmax obtained from the simulations, listed in

Table 4.1, are in much closer agreement with the experimental results than

are those of the 1D model. Furthermore, the simulations more accurately

characterize the finite slope in Region III. Some differences still remain between

the simulations and the experimental data, both in the values of the breakdown

parameters (Hw and vmax) and the rate of the falloff in v in Region II. As

the simulations were performed for perfect wires, these differences are not

surprising: vortex-mediated breakdown is localized at the sample edges and

it is well known [32] that edge roughness can significantly effect the vortex

nucleation/annhilation process that determines the behavior in this region.

We note that LLG simulations on a fine scale of reduced field manifested
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a transformation at a critical field to more complex periodic behavior than

shown in Fig. 4.4 (described below). The onset of this more complex behavior

occurred at h ∼= 3 for 400 nm width, h ∼= 4 and h ∼= 7 for 200 nm width. This

behavior is responsible for the apparent onset of “noise” in the LLG-calculated

mobility curves (Fig. 4.1).

4.5 Velocity Oscillations and Transient Broadening

The experimental understanding of DW dynamics can be extended by

considering not only the average wall velocity, Fig. 4.1, but also the precessionally-

driven oscillations about that average for fields H > Hw. Equations (4.5) and

(4.6) show that above breakdown, the velocity varies periodically with time,

leading to an oscillatory trajectory of a DW as it propagates along a wire.

When the spatial amplitude of these oscillations is comparable to the size of

the Kerr laser spot, it becomes possible to detect them. The detected Kerr sig-

nal is proportional to the (normalized) magnetization within the field of view,

weighted by the Gaussian profile of the MOKE beam. The time-dependent

Kerr signal (transient) produced by a DW sweeping across the MOKE beam

is hence a function of the wall trajectory q(t).

Figure 4.4 provides a graphical representation of the mechanism that

produces the transient broadening. LLG simulation results for the DW dis-

placement as a function of time are displayed in Fig. 4.4(a) for two values of

drive-field H and for two (assumed) values of the initial phase. The average

DW velocity v(H) for each value of H corresponds to the average slope of q(t),
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signal produced by the four displacement records. Adapted from Ref. [1].
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Figure 4.5: Schematic of a DW sweeping across the Gaussian MOKE beam.

and the oscillations about the average trajectory are apparent in the displace-

ment vs time records. A Gaussian profile representation of the MOKE beam

is plotted centered at q0 = 3µm along the displacement axis. The simulated

MOKE transients, calculated from q(t) as described below, are displayed in the

lower panel for each of the four numerically-simulated displacement records.

The transient signal can be simulated by noting that a DW sweeping

across the Gaussian MOKE beam[Fig. 4.5] located at x = x0 produces a signal

proportional to the (normalized) magnetization within the field of view:

m(x) =
M(x)

Ms

= −1 +
2

σ̃
√
π

∫ x

0

e−(
x−x0

σ̃ )
2

dx

= erf

(
x− x0
σ̃

)
, (4.7)

where σ̃ ≡ ασ/∆. An analytical expression for the transients in the 1D model

can be obtained by inserting x(t) in Eqs. (4.6) into Eq. (4.7), which yields

m(τ, ψ0) = erf

(
ντ + 1

ω
sin (ωτ + 2ψ0)− x0

σ̃

)
= erf

(
τ − τ0 +

1
νω

sin (ωτ) sin (ωτ + 2ψ0)

τ 0tr

)
(4.8)
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where dimensionless parameters τ 0tr = σ̃/ν and τ0 = x0/ν are introduced.

In an actual experiment, 104 such transients would be averaged. There

are then two limiting cases that must be considered in terms of the initial

phase ψ0: the coherent limit and the random limit. The former occurs if the

initial wall state is precisely repeatable, and the oscillatory propagation occurs

in a coherent fashion. The latter case arises if the initial wall phase is random

from cycle to cycle, or if dephasing occurs as the wall propagates along the

wire. The effects resulting from coherent and incoherent signal averaging can

be visualized from the simulated transients in Fig. 4.4(b).

The transient broadening ratio, ξ, was calculated in each limit, using

both the 1D model expression for m(τ, ψ0) and a series of LLG-simulated

displacement records, such as those in Fig. 4.4(a). The averaged transients

were calculated as a function of h in the coherent and random limits as

(coherent limit)

m(τ, ψ0 = 0) = erf

(
x(τ, ψ0 = 0)− x0

σ̃

)
, (4.9)

(random limit)

m(τ) =
1

N

N∑
i=0

m(τ, ψi = random), (4.10)

where “random” in Eq. (4.10) refers to a uniformly distributed random number

between 0 and 2π.

Figure 4.6 displays the results of the analytical simulation of transient

broadening based on the 1D model in the coherent and incoherent limits,
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Figure 4.6: (a) Transient broadening parameters vs reduced field obtained from
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and corresponding results based on LLG numerical simulations. The results

reproduce the essential features of the measured field-dependent broadening

in Fig. 4.3(c). The calculated transient broadening follows an envelope that

decreases with increasing field, as does the measured broadening in Fig. 4.3.

This can be understood from the simulated transients in Fig. 4.4(b). As H

increases, the oscillation frequency increases (see Fig. 4.4(a), inset), and the

spatial amplitude decreases. It is apparent from the simulations that the

oscillation-induced transient broadening for H1 = 10Oe will be larger than

that produced by the transients at H2 = 20Oe. The transient broadening also

exhibits a series of maxima and minima, due to a “beating” effect produced

by the velocity oscillations. The condition for maximum broadening may be

derived from Eq. (4.8), and is shown graphically in Fig. 4.6(b) to correspond to

the intersection of the function 2x0f(h)/n with the (calculated) mobility curve.

The function incorporates the normalized displacement x0, effective frequency

of DW oscillations 2f(h), and an integer n. The maximum broadening occurs

when x0 = nλ where λ is the effective “wavelength” of a moving DW with

frequency of 2f , λ = ν/2f . The inability of the 1D model (as well as the

numerical simulations) to accurately reproduce the measured mobility curve

(compare experiment and simulation curves, Fig. 4.1.) accounts for the large

discrepancy between calculated and measured positions of the maxima and

minima in the transient broadening as a function of h (compare Fig. 4.3(c) and

Fig. 4.6.), but the qualitative features of the 1D model results are consistent

with the measured transient broadening.
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4.6 Conclusions

Both the 1D model and the numerical simulations (Fig. 4.6) account for

the general features of the transient broadening observed in the experiment in

terms of DW velocity oscillations. The damping of oscillations as a function

of increasing h results from the higher frequency, smaller spatial amplitude

oscillations being averaged by the finite temporal and spatial resolution of the

MOKE polarimeter (2µm, 1 nsec). The 1D model and LLG simulations yield

very similar ξ(h) behavior which is unsurprising since both yield very similar

(scaled) mobility curves over the range of reduced field where uniform oscilla-

tions are produced by the simulation. The inability of the LLG or 1D model

to quantitatively reproduce the measured transient broadening (Fig. 4.3(c))

can be understood based on the sensitivity of the “beating” condition to the

mobility curve (Fig. 4.6(b)) and the large discrepancy between the measured

mobility curve and the 1D model/LLG simulation results (Fig. 4.1). The ex-

cellent agreement between the precessional frequency obtained from the 1D

model and the results obtained from the LLG simulation (Fig. 4.4(a), inset)

and the less favorable agreement for ξ(h) (Fig. 4.4(a), Fig. 4.3(b)) shows that

the DW velocity is much more model-sensitive than the (local) precessional

motion. Note that ω depends on Ms and α, the (local) spin damping parame-

ter, but LLG simulations[32] have shown that the mobility µ depends on (for

example) nonlocal edge roughness effects. These results demonstrate a direct

connection between a measurable parameter, ξ(h), and the complex oscilla-

tory velocity of a driven DW, and provide a sensitive test of models of this
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behavior. Recent experiments and LLG modeling of the injection process[41]

suggest that it may be feasible to approach the coherent limit in experiments.

This will improve the diagnostic capability of the technique.
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Chapter 5

Magnetic Domain-Wall Velocity Enhancement

Induced by a Transverse Magnetic Field

5.1 Introduction

A variety of recently proposed spintronic devices would use magnetic

domain walls (DWs) confined by in-plane magnetized nanometer-scale mag-

netic conduits to store and process information[12–14, 42, 43]. Similar mag-

netic structures have been proposed for lab-on-a-chip platforms for manip-

ulating and functionalizing magnetic nanoparticles, captured by DW stray

fields[15–17]. The viability of DW-based spintronic technologies rests largely

on the DW spin distributions and on how fast DWs can be propelled in

nanoscale structures. It has recently been experimentally demonstrated[11]

that DWs driven by longitudinal magnetic fields along a ferromagnetic nanowire

exhibit velocity breakdown behavior: Wall velocity increases with increasing

drive field but above a critical field, the velocity drops abruptly (Fig. 4.1).

This counterintuitive behavior results from the nucleation and gyrotropic mo-

tion of vortices within a DW, resulting in oscillatory DW displacements that

dissipate energy that would otherwise go into displacing the wall[32].

A key theoretical result of DW dynamics is the existence of two regimes
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of wall propagation separated by a critical fieldHc[28, 44]. Drive fieldsH below

Hc yield DW propagation that obeys a linear mobility relationship

v(H) = µH (5.1)

where v is the DW velocity and µ is the mobility. Drive fields H > Hc

produce a region of negative differential mobility followed by a second region

of asymptotic linear mobility (H ≫ Hc) with a significantly smaller mobility

parameter than predicted (and observed) for H < Hc. In the analytical one-

dimensional (1D) model (described by Eqs. 4.1 and 4.2)[28, 44], a transverse

DW has a mobility given by

µ =
γ∆

α
(H < HW), (5.2a)

µ =
αγ∆

1 + α2
(H > HW). (5.2b)

In Eq. (5.2), γ is the gyromagnetic ratio, ∆ (or ∆) is the (average) DW width,

and α is the Gilbert damping parameter. In the 1D model, the critical field is

called the Walker field, HW. The parameter HW specifies the onset of preces-

sional spin motion that drives the oscillatory DW motion described in Ch. 4

and accounts for the reduced average velocity and lower mobility. Numerical

simulations of static and dynamic DW configurations in rectangular cross-

section nanowire structures have shown that the spin configuration within a

DW is governed by the nanowire cross-sectional parameters. Thin narrow

wires support simple transverse wall (TW) spin structures whereas wider and

thicker walls support more complex vortex wall (VW) structures (described in

Ch. 3).
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Mobility measurements of DW propagation in Permalloy(Py) nanowires[11]

manifest the qualitative behavior predicted by the 1D model, but the measured

Hc is ∼ 10 Oe, a factor of 10 lower than the 1D model value (HW ≈ 100 Oe);

and the corresponding maximum velocity, vc ≡ v(Hc), is a factor of 10 lower

than v(HW). Numerical simulations of spin distributions within the propa-

gating DWs account for this large discrepancy: the energy barrier for (anti)

vortex formation is overcome at values of H far below the onset of precessional

motion given by the Walker field HW. This (anti) vortex formation provides

the mechanism for the onset of the low-mobility regime that limits DW prop-

agation velocities to vc ∼ 100 m/s at moderate applied fields. At sufficiently

high longitudinal drive fields, the DW velocity can reach values equal to or

exceeding the value at Hc.

Recent numerical simulation studies have explored possible ways to

overcome velocity breakdown in nanowires by inhibiting (anti) vortex gener-

ation. The first[32] of these predicted that edge roughness of an appropriate

scale should disrupt antivortex formation at the wire edges. In a perfectly

smooth wire, each nucleated antivortex core was observed to be gyrotropically

driven into and across the wire, resulting in velocity breakdown behavior.

When edge roughness on the scale of the antivortex core diameter (∼ 10 nm)

was added to the simulations, the inhomogeneous local magnetostatic fields

perturbed the nucleated antivortex cores, resulting in annihilations via spin-

wave excitations before they were able to enter and slow the DW, thus eliminat-

ing the usual drop in velocity above Hc. However, the DW velocity remained
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self-limited to vc even at fields exceeding Hc. As the DW speed approached vc,

an edge antivortex was generated and its subsequent decay dissipated energy,

slowing the wall velocity.

A similar result was achieved in the simulations of Lee et al.[45] us-

ing a different means. The simulated mobility of a DW in an isolated Py

nanowire was compared to the DW mobility in a Py nanowire lying atop

a perpendicularly-magnetized underlayer. Above Hc, antivortex cores were

nucleated at the edge of a propagating TW, but the stray field from the un-

derlayer caused each core to be quickly expelled before it entered the wire.

Again, however, the DW velocity increased with increasing field up to Hc,

beyond which the wall velocity reached a plateau. Hence, while these studies

suggest ways to partially suppress velocity breakdown, they did not predict

an increase in the maximum velocity of DW propagation.

A possible route to enhancing the critical velocity was suggested in the

numerical studies of Kunz et al.[46] and Bryan et al.[47], which examined the

effects of a transverse in-plane bias field Hbias on the dynamics of a TW. A

related analytical study by Sobolev et al.[48] addressed the effects of transverse

fields on the motion of (Bloch) DWs. A bias field, applied transverse to the

wire axis, does not directly drive DW motion, but it does change the width ∆

of the wall. When the field is aligned with the net wall moment, ∆ is increased;

when it is antiparallel to the wall moment, ∆ is decreased. An increase of ∆

results in an enhancement of DW velocity, v ∝ ∆, as expected from the 1D

model[28, 44] (Eq. 5.2). The velocity increase is modest, however, up to only
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∼ 20%, and any benefit ceases beyond the breakdown drive-field threshold.

In the oscillatory regime (H > Hc) Bryan et al. found a region of enhanced

DW velocity around H = 100 Oe for both positive and negative transverse

bias field: the average DW velocity recovers to a value slightly above the

peak value achieved at Hc. Glathe et al.[49, 50] have reported corresponding

enhancements.

In this chapter, the effects of a transverse bias field are explored on

nanowire guided DW dynamics in the case of wider wires that support more

complex DW structures including vortex, vortex-antivortex and stretch-mode

structures[1, 7, 26, 27, 29]. The behavior are strikingly different from that pre-

dicted for wires of smaller cross section. While simulations show that high-

mobility regions of DW propagation exist for H > Hc in both narrow(TW)

and wider(VW) nanowire conduits, the wider conduits exhibit much higher

transverse-field induced enhancement of DW velocity. Furthermore, prior nu-

merical simulations[47] of nanowire-quided TW structures are extended to

higher drive fields to explore the possible connection between bias-field in-

duced enhancement of DW velocity in narrow and wide nanowire conduits.

5.2 Experiment

The 490 nm wide 35 µm long nanowire was fabricated by focused ion

milling from a Ta(3 nm)/Py(20 nm)/Ta(5 nm) trilayer that had been sputter-

deposited onto an oxide-coated Si substrate[Fig. 5.1]. One end incorporated a

large magnetic pad that served as a nucleation and injection source of DWs; the
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Figure 5.1: Illustration of experimental setup and scanning electron micro-
graph of nanowire structure.

other end was tapered into a point to inhibit DW nucleation. High-bandwidth

magneto-optic polarimetry[9] was used to measure the time-dependent DW

displacements under a combination of longitudinal drive field H and trans-

verse bias field Hbias strengths. The average DW velocity was determined

from time-of-flight measurements. The polarimeter beam was focused at an

accurately-determined distance from the injection point and was used to de-

tect the DW as it propagates across the beam spot. Arrival transients were

averaged over many injections at a prescribed set of bias and drive fields, and

the average velocity was obtained from the distance and DW time-of-flight.

Systematic studies of the measured magneto-optical transient as a function

of longitudinal drive field (Refer to Chapter 3) and polarimeter beam place-

ment along the nanowire have shown that the transient signal also detects

instantaneous velocity and can be used to detect the DW oscillations that oc-

cur in the precessional regime[1]. Numerical simulations of DW propagation
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along nanowires with transverse bias, as well as the experiments described in

following sections (and in Fig. 5.7), both reveal evidence of “stretch”modes

that propagate with novel dynamics and that are characterized by a DW spin

distribution that extends to micron scale widths.

5.3 Micromagnetic Simulations

Micromagnetic simulation was used to understand the experimental

results. The simulations were carried out using a version of LLG Micromag-

netics Simulator developed by M. R. Scheinfein[30] that has been adapted to

the University of Texas Lonestar Cluster[31] (a 5840 processor 64 bit Linux-

based system capable of 62 TFLOP/sec peak performance). The numeri-

cal simulations were carried out using the accepted parameters for Permalloy

(Ni80Fe20); saturation magnetization Ms = 800× 103 A/m, exchange constant

A = 1.0 × 10−11 J/m, and Gilbert damping constant α = 0.01. The unit cell

size and integration time step were 4× 4× 20 nm3 and 0.3 ps respectively. To

reduce computational time, moving boundary conditions were used, but se-

lected moving boundary condition results were compared with corresponding

fixed boundary condition results to ensure accuracy. The average DW ve-

locities (plotted as numerical simulations of mobility curves in Fig. 5.5) were

determined by time averages of effective spin distribution displacements. Both

spatial and temporal averages over DW spin distributions are required to ob-

tain an average velocity for prescribed applied fields, especially for the complex

modes described later (for example the stretch mode described in Fig. 5.7). An
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effective DW location was obtained from a spatial average of local longitudinal

magnetization across the conduit as a function of distance along the nanowire

conduit. The average DW velocity was obtained by averaging the slope of

DW displacement versus time over sufficiently long times to smooth out oscil-

lations in instantaneous velocities that result from precessional spin dynamics

above the critical field. (These oscillations are apparent in time records of

spin distributions presented in Figs. 5.6 and 5.7). The expanded capacity and

precision of the Dell-Cray Lonestar cluster (over single-processor systems) has

allowed systematic exploration of nanowire-constrained and guided DW prop-

erties (i.e., spin texture phase diagram and dynamics discussed in Ch. 3) over

a wider parameter space and finer parameter increments than conveniently

possible using single processor systems.

5.4 Experimental Results of Transverse Bias Field Ef-
fects

Figure 5.2(a) shows a DW velocity curve v(H) of a tail-to-tail DW

in a 490 nm wide and 20 nm thick nanowire without a transverse bias field.

Without Hbias, v(H) exhibits typical velocity breakdown behavior[11]: Wall

velocity increases with increasing H, reaching a critical value vc = 112 m/s

at Hc = 10.6 Oe. Just beyond this breakdown field, the DW velocity drops

abruptly as the wall undergoes oscillatory motion; at higher fields, v begins to

slowly increase again.

The application of Hbias has relatively little effect on the mobility curve
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Figure 5.2: (a) Average DW velocity without a transverse bias field. (b)
(Positive) transverse bias field effects near breakdown fields.
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Same as in (a), but with bias field direction reversed.
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for H < Hc and on the value of Hc that marks the onset of oscillatory VW

dynamics [as shown in Fig. 5.2(b)]. However, Hbias dramatically changes the

velocity response above the breakdown transition. The family of curves v(H)

in Fig. 5.3(a) shows that the velocity with (positive)Hbias is enhanced through-

out the oscillatory regime. The enhancement is largest at intermediate values

of H, where a peak feature develops. This peak grows and shifts to lower H

with increasing Hbias. At the largest Hbias studied (140 Oe), the lower shoulder

of the peak begins abruptly at Hc, just beyond which the velocity is seen to

increase. The application of Hbias transforms the character of the oscillatory

transition from velocity breakdown to a velocity surge. Just above Hc, the

DW velocity rapidly approaches 500 m/s, nearly 5 times the (unbiased) crit-

ical velocity and 15 times larger than the velocity under the same drive field,

withoutHbias. The maximum mobility, (∂v/∂H)max, is ∼ 30 m/sOe, compared

to the unbiased low-field (H < Hc) mobility of 11 m/sOe. It is noteworthy

to mention that the injection field (Hinj)[11], the minimum field required to

inject a DW from the injection pad, depends on Hbias. The increased Hinj

due to the high bias fields (Hbias > 100 Oe) makes it difficult to measure the

average DW velocity for small driving fields (H < Hinj). Similar behavior

was observed for (negative) Hbias as shown in Fig. 5.3(b), as expected from

the geometrical symmetry. The nanowire structure is symmetric in the plane

defined by H and Hbias (discounting edge roughness or cross-sectional imper-

fectness). A negative bias field configuration is identical to bottom view of a

positive bias field configuration, as shown in Fig. 5.4(a). Edge roughness and
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Figure 5.4: (a) Geometrical symmetry of field configurations. (b) Edge rough-
ness and cross-sectional imperfectness of nanowires.

cross-sectional imperfectness[Fig. 5.4(b)] of nanowires account for the minor

asymmetry of ±Hbias in Fig.s 5.3(a) and 5.3(b) mobility curves. These data

represent an experimental indication that velocities far in excess of the critical

velocity vc might be readily achieved.

5.5 Numerical Results of Transverse Bias Field Effects

5.5.1 Transverse Bias Field Effects on Vortex Walls

Figure 5.5 displays numerical simulations of the bias-field-dependent

average DW velocity for VWs in 20 nm thick Permalloy nanowires with dif-

ferent widths as a function of H. These simulations provide a basis for un-

derstanding the bias-field domain wall velocity enhancement data displayed in

Fig. 5.3. In the simulations, the positive bias field was aligned parallel (anti-

parallel) to the spin direction of the head (tail) portion of a counterclockwise-

chirality (c = 1) VW as shown in the inset of Fig. 5.5(a). The mobility curve
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Figure 5.5: Numerical simulations of bias-field-dependent mobility curves for
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v(H) of a 240 nm wide nanowire for Hbias = 0 in Fig. 5.5(a) exhibits several re-

gions of different dynamical behavior. The regions are designated in Fig. 5.5(a)

by roman numerals and are characterized by distinctly different spin distribu-

tions. Region I (viscous mode, H < Hc) corresponds to the stationary spin

distributions that propagate with uniform velocity and linear mobility. Region

II corresponds to complex oscillatory motion driven by precessional modes.

Extended regions of continuous higher DW mobility at zero-bias field [Region

III of Fig. 5.5(a)] have not been identified in prior simulations. Clear obser-

vation of this effect requires many calculations at closely-spaced drive-field

increments, which is impractical with single-node versions of micromagnetic

simulation codes. Region III is characterized by a stationary vortex-antivortex

spin distribution that propagates uniformly at a significantly higher velocity

than the oscillatory motion modes. Region IV is characterized by a stretch-

ing mode that contains a vortex (slow portion) and topological edge defect

(fast portion) structure that propagates at a relatively high average velocity.

In addition to distinct modes associated with Region I-IV, regions of mixed

modes [denoted by open circles in Fig. 5.5(a)] also exist. The mixed mode

structures develop from single-mode instabilities and are characterized by os-

cillatory motion and generally lower average velocity. The apparently erratic

velocity changes that occur from mode instabilities result from competition be-

tween two or more modes having essentially equal energy separated by small

energy barriers.

Note [from Fig. 5.5(b)] that positive bias fields shift the onset of the
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(no-bias) vortex-antivortex structure (Region III), as well as the onset of the

stretching mode (Region IV) to lower values ofH. Negative bias fields suppress

the additional dynamic modes (coupled vortex-antivortex mode and stretching

mode), as shown in the curve for Hbias = −50 Oe in Fig. 5.5(b). For a higher

negative bias field (Hbias = −200 Oe), the additional dynamic modes are

totally suppressed for driving fields of H < 120 Oe. Beyond this field (H >

120 Oe), the instability of vortex chirality switching [from counterclockwise

(c = 1) to clockwise (c = −1)] appears between H = 120 Oe and H = 170 Oe

before the velocity of this mode merges with Hbias = +200 Oe curve. Once

chirality switching occurs, the counterclockwise vortex with a negative bias

field has the same dynamics as the clockwise vortex with a positive bias field,

as shown in the curves for Hbias = ±200 Oe in Fig. 5.5(b). The detailed

behavior is discussed in relation to Fig. 5.7 that describes the stretch mode

spin distributions and dynamics.

Figure 5.5(c) extends the study of simulated mobility curves to higher

(positive) Hbias for a wider (400 nm) nanowire structure. The effect of Hbias [as

seen in Fig. 5.5(b)] is to continue to shift the onset of Region III and Region

IV spin distributions to lower values of H. At Hbias = 300 Oe, the onset of Re-

gion IV (stretching mode) is shifted to below H = 20 Oe. The high-mobility

stretching mode is stabilized by Hbias throughout most of the low-mobility

Region III. Note the progression of Hbias-driven peak position (Hpeak) of the

stretch mode indicated by arrows in Fig. 5.5(c). Hpeak depends on the trans-

verse bias fields and the widths of nanowires, as shown in Fig. 5.5(d). We

76



attribute the dramatic increase of DW velocity and the shifting of the arrow-

designated peak in Fig. 5.5(c) associated with the Hbias to stabilization of the

stretching mode identified in the numerical simulations. The experimental mo-

bility curves (Fig. 5.3) exhibit the same general behavior as Hbias is increased.

Note that the chirality of injected domain walls in the experiment (Fig. 5.3)

depends on the direction of transverse bias field. The spin direction of the

head (tail) portion of injected DW is parallel (anti-parallel) to the applied

transverse bias field, which corresponds to the positive bias field configuration

in the simulations [see the inset of Fig. 5.5(a)].

Figure 5.6 provides additional insight into the DW spin distributions

associated with specific regions of the mobility curve shown in Fig. 5.5(a).

The uniformly propagating stationary mode (Region I, H < Hc) is well un-

derstood,[7, 28, 44] (Walker solution). The complex oscillatory motion for Hc

(Region II) has been explored numerically[27, 29] and experimentally[1]. The

simulated displacement of an oscillatory mode [illustrated as a displacement

record in Fig. 5.6(a)] is a particularly simple example that occurs in a narrow

(200 nm) wire where mode hopping is suppressed by geometrical constraints.

This panel illustrates the trajectory of a vortex core as it sweeps from edge-

to-edge, changing polarity of vortex core at each edge, while conserving the

vortex chirality. The DW experiences temporary reversal of longitudinal ve-

locity after polarity reversal at the edges. The low average velocity for Region

II modes results from the oscillatory motion.

Fig. 5.6(b) illustrates the dynamics of the coupled vortex-antivortex
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Figure 5.6: Numerical simulations of DW spin distributions and trajectories.
(a) Trajectory of a vortex core (in a 200 nm wide wire, H = 25 Oe and
Hbias = 0) showing core polarity reversal at wire edges accompanied by velocity
oscillation (Region II). (b) Trajectories of topological defects (edge defect,
vortex core, and antivortex core) in a 400 nm wide wire, corresponding to
coupled vortex-antivortex mode (Region III). Insets show spin distributions
with magnified antivortices. Antivortices are periodically generated at the
left edge in Mode A (H = 27 Oe, Hbias = 0); at the right edge in Mode B
(H = 47 Oe, Hbias = 0). Colors of symbols in (a) and (b) represent polarities
of topological defects: red (+), blue (-).
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modes that account for the region of increased mobility in the simulations

(Region III in Fig. 5.5 with Hbias = 0). Two topologically distinct coupled

vortex-antivortex modes, Mode A and Mode B in Fig. 5.6(b), are identified,

and both propagate at high velocities due to suppression of the oscillatory

behavior illustrated in Fig. 5.6(a). The spin distributions of the two modes

(shown as insets) consist of a vortex and an antivortex near one nanowire edge.

In both cases, the antivortices stabilize the position of vortex cores, so that

the spin distribution propagates as a nearly stationary state at high velocity.

Figure 5.6(b) shows minor oscillatory (time-dependent transverse displace-

ments) of the (left) antivortex core (Mode A) and corresponding transverse

displacements of the (right) antivortex core (Mode B). However, the primary

dynamics are characterized by uniform stationary motion along the wire. This

result [Mode A and B of Fig. 5.6(c)] demonstrates that it is possible to stabilize

(at Hbias = 0) stationary high-mobility spin distributions above Hc. We have

observed some evidence of this behavior in our mobility measurements (note

the structure in the Hbias = 0 mobility curve in Fig. 5.3, and similar effects in

prior reported mobility curves[25]).

Figure 5.7 illustrates the spin distributions and dynamics of the stretch-

ing mode that accounts for the Hbias induced high-mobility behavior shown in

experiments (Fig. 5.3) and simulations (Fig. 5.5). The spin distribution [refer

to Fig. 5.7(a)] associated with the peak in mobility in Region IV consists of

a vortex-antivortex structure near the left edge of the wire and an edge de-

fect pinned at the opposite edge. The spin distribution of the stretch mode is
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similar to the voretex-antivortex mode (Region III). Periodically generated an-

tivortices from the left edge stabilize the vortex core position, but the dynamics

are different. The vortex-antivortex structure in the stretch mode propagates

at a different velocity than the (right) edge defect (compare the time-labeled

trajectories in Figs. 5.6 and 5.7). The resulting motion is characterized by

a stretching DW with modulated width but with basically a stationary spin

distribution. An applied (positive) transverse bias field stabilizes the stretch-

ing mode over a wide range of drive field strengths (illustrated by arrows in

Fig. 5.5). The mobility of the stretch mode is about four times the mobility

of oscillatory modes for drive fields above the critical field. We note that after

submission of our manuscript[51] that describes the stretch mode, Zinoni et al.

also reported a study of this mode[52] for a wide (860 nm) nanowire structure

at zero-bias field. For zero-bias fields, the peak position in the stretch mode

is inversely proportional to the width of nanowires [refer to Fig. 5.5(d)]. Cal-

culations for the stretch mode peak position at zero field and extrapolation of

the results of Fig. 5.5(d) to a nanowire width of 860 nm yield a stretch mode

peak position of 38 Oe, the value reported by Zinoni et al.

Interesting mode hopping behavior is shown by the DW mobility curve

of Hbias = −200 Oe in Fig. 5.5(b) between H = 120 Oe and 170 Oe. Mode

hopping or mode transition is suppressed up to a drive field of 120 Oe where a

sequence of mode-hopping transition to the higher velocity curve occurs. Neg-

ative bias fields suppress mode hopping and mode transition, but the domain

wall becomes unstable due to higher magnetostatic energy as an increasing
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negative bias field is applied. Figure 5.7(c) displays the time evolution of spin

distributions corresponding to the mode hopping (H = 120 ∼ 170 Oe) of

Hbias = −200 Oe curve in Fig. 5.5(b). In the case of positive bias field, DW

energy is minimized by increasing the upper portion of counterclockwise VW

so that it can be transformed into an elongated stretch mode without chirality

switching. However, in the case of negative bias field, the spin direction of the

upper portion of counterclockwise VW is antiparallel to the to the negative

bias field as shown in Fig. 5.7(c). An increasing negative bias field requires

spins to minimize magnetostatic energy, by creating magnetization parallel to

the external bias field. This unstable counterclockwise VW tends to minimize

magnetostatic energy by switching chirality of VW via complex multi core

generation and annihilation process as shown in Fig. 5.7(c).

5.5.2 Transverse Bias Field Effects on Transverse Walls

In order to explore the possible connection between bias-field induced

enhancement of DW velocity in narrow and wide nanowire conduits, we carried

out numerical simulations of the mobility curves for the same narrow nanowire

geometry reported by Bryan et al.[47] Figure 5.8(a) displays the simulated

mobility curve for a 100 nm wide 5 nm thick Py nanowire over a broader drive

field range and using smaller field increments and the same parameters used in

the prior simulation). The positive transverse bias fields were aligned parallel

to the domain wall magnetization of a TW with counterclockwise chirality

along the y-axis, as shown in the inset of Fig. 5.8(a). Without a bias field,
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a TW propagates viscously for H < Hc. For H > Hc, the chirality of the

TW changes sign periodically from counterclockwise to clockwise via anti-

vortex generation, resulting in DW oscillation. The qualitative behavior of

the simulated Hbias = 0 mobility curve for the narrow-wire structure is similar

to the corresponding simulation result [Fig. 5.5(a)] for the wider nanowire.

Both simulations manifest linear high-mobility regions below Hc, and a lower-

mobility region following the negative differential mobility region just above

Hc; and both simulated mobility curves manifest narrow regions of enhanced

mobility above Hc characterized by a rapid onset of high differential mobility.

The onset of the high mobility region for the narrow wire structure occurs at

H = 165 Oe (considerably above the corresponding threshold for the 240 nm

and 400 nm structures which occur around 70 Oe and 120 Oe, respectively).

This high-mobility zero bias field mode exists at drive field strengths beyond

the range studied by Bryan et al.

The peak shifting behavior resulting from a transverse bias field is simi-

lar to the case of VWs, as indicated by arrows in Fig. 5.8(a). However, different

from the case of VW, the peak position shift for TW as a function of trans-

verse bias field [Fig. 5.8(b)] is symmetric and unidirectional. For H > Hc, the

mobility curves for +Hbias and −Hbias become identical due to the the periodic

chirality switching as shown from the mobility curves for Hbias = ±100 Oe.

Hence, both positive and negative transverse bias fields shift the peak position

to lower axial driving fields.

For a small driving field (H < Hc), the increased (decreased) DW width
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Figure 5.8: Numerical simulations of bias-field-dependent mobility curves for a
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by positive (negative) transverse bias fields results in the increased (decreased)

DWmobility [Eq. (5.2a)], as shown in Fig. 5.8(c). Furthermore, the application

of transverse bias fields induces asymmetry of the anti-vortex (winding number

n = −1) emission energy barrier from the left and right edges of nanowires.

Due to the asymmetric energy barrier, two-step breakdown (H
(1)
c and H

(2)
c )[53]

can be observed for positive transverse bias fields, as indicated by arrows in

Fig. 5.8(c). For Hbias = 400 Oe, DW velocity increases with increasing drive

fields, reaches it’s maximum viscous velocity [v(H0) = 967 m/s], and then

decreases until the first breakdown occurs at H
(1)
c . This negative differential

mobility in the viscous mode is similar to the analytical results of the transverse

bias field effect on the Bloch wall velocity, studied by Sobolev et al.[48] In the

process of the first breakdown, the TW chirality changes from counterclockwise

to clockwise via an anti-vortex (n = −1) emission from the topological right-

side edge defect (n = −1/2), so the the bias field aligns anti-parallel to the net

transverse magnetic moment of the clockwise TW. Therefore, beyond H
(1)
c ,

DW velocity is independent of the sign of transverse bias fields. Figure 5.8(d)

shows the bias-field dependence of H0, H
(1)
c , and H

(2)
c . The corresponding

velocities are displayed in Fig. 5.8(e). Note that, different from the case of

TW, a VW has no net transverse magnetic moment. Therefore, the transverse

bias fields have little effect on the VW velocity for H < Hc.
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5.6 Summary and Conclusion

In summary, these results show that application of a static transverse

magnetic field can dramatically enhance the velocity of DW propagation in

magnetic nanowires. Moderate bias fields have little effect in the low-field

regime or on the onset of drive-field-induced precession. However, the DW

dynamics in the precessional regime is changed dramatically. Micromagnetic

simulations suggest that multiple vortex structures are excited within the DW,

and that these structures can couple such that the DW structure becomes dy-

namically stable. The dynamically stable modes propagate as a stationary spin

distribution (coupled vortex-antivortex mode), or as a “modulated”stationary

spin distribution (stretch mode). A transverse field can enhance these effects

and extend the region of high-speed propagation in the case of the stretch

mode to lower drive fields. This is borne out qualitatively in the experiments,

wherein the velocity surges just beyond the critical field for vortex nucle-

ation. The enhanced velocity and drive field range resulting from bias fields

are achieved at the expense of less compact DW structures. The character of

the mobility curve in the precessional regime depends nontrivially on the field

polarities and vortex chirality. Numerical simulations for narrow nanowire

geometry that supports TW spin distributions reveal zero-bias higher mobil-

ity spin distributions above Hc that shift to lower values of drive field when

transverse bias fields are applied (similar to the wider nanowire effect). In

both cases (TW and VW), the higher mobility originates from dynamic mode

change due to additional vortex (or antivortex) core emitted from edge de-
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fects. Finally, we note that recent experiments[54] involving comb structures

have demonstrated stabilization of domain-wall structures leading to higher

domain-wall velocities.
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Chapter 6

Temperature Dependence of Domain Wall

Dynamics in Permalloy Nanowires

6.1 Introduction

Current-driven[20, 23, 24, 35, 42] and current-assisted field-driven[18, 25]

domain wall dynamics in ferromagnetic nanowires exhibit thermal effects re-

sulting from Joule heating. These effects make difficult proper characterization

of spin-torque effects on domain wall displacements. In the case of current-

driven domain wall motion, the current density required to move domain walls

is of the order of a few 1011 A/m2. This large current density can increase

sample temperature as high as ∆T = 100 oC and can even raise the wire

temperature above the Curie temperature (Tc = 577 oC for Py) depending on

the sample geometry. Practical device that incorporate magnetic conduits to

guide domain walls under field-driven (and especially under current assisted)

motion will likely be exposed to temperature above room temperature. There-

fore, practical understanding of temperature effects on domain -wall dynamics

is important.

In this chapter, to understand the thermal effects on domain wall dy-

namics, temperature dependence of field-driven domain wall velocity was stud-
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Figure 6.1: Patterned nanowire widths projected on the domain wall phase
diagram.

ied using high-bandwidth scanning Kerr polarimetry. Domain wall velocity

curves of 20 nm thick Permalloy nanowires with various widths (from 460 nm

to 1050 nm) were measured with increasing temperature from room tempera-

ture to 100 oC.
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6.2 Experiment

Nanowire structures were fabricated from films of Ta(3 nm)/Py(20

nm)/Ta(5 nm) deposited on an oxide-coated Si(100) wafer. Focused ion beam

milling (FIB: FEI Strata DB235) was used to pattern nanowire structures

as shown in Fig. 2.1. The width of the nanowires is 460 nm(wire # 1),

600 nm(wire # 2), 800 nm(wire # 3), and 1050 nm(wire # 4) as indicated by

open circles in Figure 6.1 which displays the spin texture phase diagram for

rectangular cross-section nanowires.

Domain wall velocity curves were measured with increasing sample tem-

perature from room temperature to 100 oC. Thermocouple wires were spot-

welded to the sample to read sample temperature that was regulated by a heat

band attached to the RF magnet (Fig. 2.7). After the domain wall velocity

curves at 100 oC were measured, the room-temperature domain wall velocity

curves were reproduced to check for possible sample oxidation. There was no

evidence of sample oxidation up to 100 oC.

6.3 Results and Discussion

Domain wall velocity measurements were carried out at various tem-

peratures. Figure 6.2 displays the temperature dependence of the domain wall

mobility curves for 460 nm, 600 nm, 800 nm, and 1050 nm wide Py nanowires.

These curves exhibit two (almost) linear regimes, at low and high driving fields,

separated by a nonlinear regime at moderate driving fields. The Walker break-

down field, HW, shifts to a lower field as the sample temperature increases as
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Figure 6.2: Temperature dependence of domain wall mobility curves. The
width of the nanowires is 460 nm[(a)], 600 nm[(b)], 800 nm[(c)], and
1050 nm[(d)], respectively.
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indicated by green arrows in Figure 6.2. The linear regime at high driving

fields shifts upward (as indicated by red arrows) with increasing the sample

temperature. These two general trends (indicated by the arrows) are the most

obvious general temperature-dependent trends.

In our previous publication[25], the j = 0 mobility curve for the 20 nm-

thick and 600 nm-wide Py nanowire showed an abnormal “hump” between

10 and 35 Oe. The hump was suppressed by a current of either polarity

(j = ±5.8× 1011 A/m2). However the origin of this hump was not addressed.

Similar hump features appear between 10 and 35 Oe for the 600 nm mobility

curve [Figure 6.2(b)] and the 800 nm mobility curve [Figure 6.2(c)]. For the

600 nm-wide Py nanowire, the hump is suppressed by the elevated temperature

(100 oC) as indicated by a blue arrow [Figure 6.2(b)]. The suppression in the

800 nm mobility curve is not as large as the suppression shown in Figure 6.2(b)

but it is noticeable. The origin of the hump feature is still uncertain but

it might be attributed to the vortex-antivortex mode which is discussed in

Chapter 5 (Figures 5.5 and 5.6).

To see more general trends above HW, we can plot mobility curves

on the same scale as shown in Fig. 6.3. The most obvious major trends as

a function of domain wall width are 1) the shift of HW to lower drive field,

2) the onset of the second linear mobility region at lower drive fields beyond

the region of negative differential mobility, and 3) an increase in the mobility

beyond the onset as the nanowire width is increased. The wire #1 (460 nm)

exhibits a weak structure at 45 Oe (at 23 oC) and the structure shifts to a lower
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field with increasing sample temperature. At 100 oC, the structure appears

at 35 Oe. There are additional features (weak structures) that also appear

to exhibit systematic behavior as the nanowire width is increased as noted

below. These weak structures may be related to the fact that some of the

wire cross sectional parameter lie close to a phase boundary (Fig. 6.1). The

wires #2 (600 nm) and #3 (800 nm) show a weak structure between 10 and

35 Oe, which is (partially) suppressed by elevated temperature. Seemingly,

the wire #4 (1050 nm) does not show any obvious structure above the region

of negative differential mobility. However, the hump feature in the wire #4

seems to be saturated and stabilized hence it is not noticeable. As indicated

by circles (red circle:high differential mobility group, blue circle:low differential

mobility group) in Figure 6.3, the mobility curves seems to be separated into

two groups via dynamic mode transition. Note that the 20 nm nanowires

are crossing the crossover phase boundary [E(VW) = E(DVW)] at the width

of 600 nm, as shown in Figure 6.1. The crossover phase boundary can be

broadened due to the thermally-activated mode transition and the dynamic

mode transition can be occurred near the width of 600 nm.

The low-field (H < HW) domain wall dynamics can be characterized

with the Walker breakdown field HW and the peak velocity vW at HW. As

shown in Fig. 6.4(a), HW decreases with increasing wire width and sample tem-

perature. In the one-dimensional model of domain wall dynamics [Eqs. (4.1)

and (4.2)], HW and vW can be expressed as HW = 2απMS and vW = 2πγ∆MS,

where α, γ, ∆ and MS are the Gilbert damping parameter, the gyromagnetic
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Figure 6.4: Temperature dependence of (a) Walker breakdown field HW and
(b) peak velocity vW for 460 nm, 600 nm, 800 nm, and 1050 nm wide nanowires.

ratio, the domain wall width and the saturation magnetization, respectively.

The doamin wall width can be written as ∆ ≃ π
√
A/2πDyM2

S , where Dy is

the transverse demagnetizing factor and A is the exchange constant. MS and

A decrease with increasing sample temperature. Therefore, for a fixed wire

geometry, HW and vW decrease with increasing sample temperature:

HW ∝ MS, (6.1)

vW ∝
√
A. (6.2)

From Eqs. (6.1) and (6.2), using the experimental data reported by Birt

et al.[55], we can obtain δHW/HW(RT ) ∼ 10% and δvW/vW(RT ) ∼ 8%, where

δHW = HW(RT ) −HW(100 oC) and δvW = vW(RT ) − vW(100 oC). However

our data (Figs. 6.4) shows δHW/HW(RT ) ∼ 25% and δvW/vW(RT ) ∼ 28%
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(for the wire #3). Even though the one-dimensional model predicts general

trends, it underestimates magnitude of change in the values.

Duine et al.[56] and Lucassen et al.[57] derived Langevin and Fokker-

Planck equations that describe the nonzero-temperature dynamics of a rigid

domain wall. They showed that the Walker breakdown smoothens out due

to the thermal fluctuations with increasing sample temperature. The tem-

perature only had an effect on the domain wall velocity for small fields. The

thermal fluctuations can account for the significant temperature dependence

of HW and vW.

However, the rigid domain wall model with the thermal fluctuations

can not explain the thermally-activated domain-wall dynamic mode transition.

In Figure 6.4(b), the wire #1 shows a sharp transition around T = 40 oC.

Figure 6.5 displays the temperature dependence of domain wall mobility curves

for the wire #4. At T = 30 oC [Fig. 6.5(a)], the mobility curve is almost the

same as the room temperature curve. At T = 40 oC [Fig. 6.5(b)], there is a

abrupt slope change for 7 Oe < H < HW. The peak velocity vW is increased

in the opposite direction. This abnormal dynamics mode continues up to the

temperature of T = 50 oC [Fig. 6.5(c)] and disappears at the temperature of

T = 60 oC. From T = 50 oC, the mobility curve for small fields shift upward

[Figures 6.5(c)-(f)]. A similar behavior (i.e, abnormal dynamic mode between

T = 40 oC and 50 oC) was shown in 60 nm and 100 nm mobility curves in

Figure 3.7. It is noteworthy that the 20 nm-thick nanowires are below the

TW→VW transition boundary as shown in Figure 6.1. Due to the thermal
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Figure 6.5: Temperature dependence of domain wall mobility curves at low
fields for the 460 nm-thick nanowire.
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activations, a vortex wall can be transformed into a transverse wall, yielding

high differential mobility and large peak velocity. The velocity of the vortex

wall is lower than that of the transverse wall, because of increased energy

dissipation at the vortex core.

6.4 Conclusion

To understand the thermal effects on DW dynamics, the temperature

dependence of field-driven DW velocity is explored using high-bandwidth scan-

ning Kerr polarimetry. The Walker critical field HW and the peak velocity vW

decrease with increasing temperature and thermally-activated dynamic mode

changes are observed. The results show that Joule heating effects are playing

an important role in current-driven/current-assisted field-driven DW dynam-

ics.
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Appendix A

How to Run LLG of TACC Lonestar Version

This appendix shows how to run  LLG of TACC Lonestar version. 

1. Upload all the necessary files (*.llg_param, *.llg_batch, ini.llg_dom, 

execlist_#, executable#, launcher_#.sge) into the same work directory. 

1.1 Connect to TACC Lonestar by using SSH Secure Transfer.  Download 

“Launcher_script”  and “ llg_batch”  folders. “Launcher_script”  folder 

contains launcher_#.sge, execlist_#, and executable# files.  

 

    

1.2 Make a folder and copy and paste all the necessary files (*.llg_param, 

*.llg_dom, *.llg_batch, launcher_#.sge, execlist_#, executable#) and 

upload this folder into the work directory (/work/00450/erskine/).  
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**Note that each account has different launcher scripts, so use launcher 

scripts belonging to each account. 

2. Select all the executable# files and change permission by clicking right 

mouse button.  

 

**Permission mode:755  

3. Open SSH Shell by clicking  button and make environment to run 

LLG program by using module (we need intel/9.1 and launcher modules 

to run LLG.).  
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**Useful command

 

5. Submit your job (qsub launcher_#.sge) and check job status (qstat). 

emacs [file name] : to edit a file 

[Ctrl]-x [Ctrl]-s  : to save a file 

[Ctrl]-x [Ctrl]-c : to close emacs editor 

[Ctrl]-k : to delete a line 
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**All files in the work directory, including scripts, are erased after around 10 

day. Therefore, all files must be imported to the local computer.  

  

**Useful job command 

 

 

The following schematic diagrams show launcher script structures and possible job 

submission methods.  

(Single job on each node with a same initial domain files) 

qsub [job script] : to submit a job 

qstat  : to see the status of your job 

showq : to see the list of pending and running jobs 

qdel [job id] : to kill your running jobs 
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(Single job on each node with different initial domain files)  

 

(Serial jobs on each node with different initial domain files)  
 

 

(Serial jobs on each node with dependent initial domain files: Output domain files are used as initial domain files 

for the next serial jobs.)  
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Appendix B

How to Fix Library Link Errors on LLG of

Lonestar Version

Our LLG (Micromagnetics Simulator) code uses MKL8.1 and Inter compiler 9.1 

library files. However, upgraded Lonestar doesn’t support old version of MKL and Intel 

compiler. So LLG loads the wrong version of library, which is incompatible with our 

LLG code. Furthermore, there are several broken links (libguide.so, libunwind.so.5, 

libmkl.so, libmkl_def.so, libmkl_p4n.so, libmkl_mc.so, libvml.so) due to the change of 

our account $HOME path. 

To solve these problems without recompiling LLG code, the hard-coded path 

should be fixed by using binary edit (such as HexEdit) and MKL 8.1 library files and 

Intel compiler 9.1 library files are required. The default library path to Intel 11.1 should 

be removed by unloading Intel/11.1 module (i.e., module unload intel/11.1). And our 

library path should be added to LD_LIBRARY_PATH. 

The following shows how to fix library link errors on TACC Lonestar. 

1. Upload old llg file and check the dynamic links. 

Essential library files for our LLG: 
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2. Make a directory (libmkl) for Math-Kernel Library. 

/home1/00450/erskine/libmkl/ 

 

3. Copy all the MKL 8.1 library files (libmkl.so, libmkl_def.so, libmkl_p4n.so, 

libmkl_mc.so, libvml.so) and paste them into “/home1/00450/ersine/libmkl”.  

**The attribution of all the library files should be “775”. 

4. Make a directory (intelc9.1) for Intel 9.1 Library. Copy all the files 

(libcxaguard.so.5, libifcore.so.5, libifport.so.5, libunwind.so.5, libguide.so, 

libimf.so, libirc.so) and paste them into “/home1/00450/erskine/intelc9.1/”. 

 MKL 8.1 library files : libmkl.so, libmkl_def.so, libmkl_p4n.so, 

libmkl_mc.so, libvml.so 

 Intel 9.1 library files : libcxaguard.so.5, libifcore.so.5, libifport.so.5, 

libunwind.so.5, libguide.so, libimf.so, libirc.so 

Useful command : lld (List Dynamic Dependencies) 

lld – print shared library dependencies 

** New path should be 28 characters, because old mkl path was 28 characters. 

[old] /home/utexas/ph/erskine/mkl/ 

[new] /home1/00450/ersine/libmkl/ 
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5.2 “.profile_user” setting is effective after re-login. And the setting can be     

checked by using “env” command.    

 

6. Open LLG with HexEdit (binary file editor) and edit all the paths. 

(before) 

/home/utexas/ph/erskine/mkl/         =>      /home1/00450/erskine/libmkl/ 

/home/utexas/ph/erskine/intelc/      =>      /home1/00450/erskine/intelc9.1/ 
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(after) 

7. Save it and upload the saved LLG. Check the dynamic links using ldd 

command. The attribution of LLG should be “775”. 

 

 

** Hex address for the library files: 

28b0 =>libguide.so 

2bb0 =>libunwind.so.5 

2bc0 =>libmkl.so 

2ca0 =>libmkl_def.so 

2ce0 =>libmkl_p4n.so 

2d10 =>libmkl_mc.so 

2d30=> libvml.so 
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** Now, llg loads our intel 9.1 libraries and the broken links are repaired. 

8. Run a sample simulation and compare the result with old data.  
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