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  Magnetic thin film ring structures show distinct magnetic states and highly reproducible 

switching behavior, which makes them candidates for multiple magnetoelectronic and 

sensing devices. The magnetic states and switching behaviors of thin film ring structures 

are closely related to their physical properties such as the lateral size, thickness, width 

and the material anisotropy. 

  In order to systematically study the magnetic properties of thin film ring structures, we 

use different techniques such as photolithography and electron-beam lithography to 

fabricate magnetic thin film Fe ring structures with different outer diameter (Dout), 

thickness (tFe) and inner-to-outer diameter ratio (Din/Dout). The magnetization reversal 

processes of these Fe ring structures are studied using magneto-optical Kerr effect and 

magnetic force microscopy. To explain the magnetic behavior of the Fe ring structures 

observed in experiments, we use LLG micromagnetic simulation to model the domain 



	
   iv	
  

configuration of the Fe ring during switching. The evolution of magnetic reversal 

behaviors in Fe ring structures is also explained by calculating the energy densities of 

vortex state, single-domain state and axial state with micromagnetic simulator. 

  To control the magnetic switching behavior of the Fe ring structures, exchange bias 

interfacial coupling is introduced into the ring structure by growing a bilayer of IrMn/Fe 

in the ring structure. By studying the angular dependence of the hysteresis loop shift, we 

find that exchange bias induces a magnetic unidirectional anisotropy and a collinear 

magnetic uniaxial anisotropy in the ring structure. Exchange bias induced magnetic 

anisotropies cause anisotropic magnetic reversal modes in IrMn/Fe (10 nm) ring and a 

higher one-step to two-step transitional thickness in IrMn/Fe (x nm) ring structures. 

  After study the magnetic properties of the Fe rings and exchange biased IrMn/Fe rings, 

we incorporate them into one ring shape magnetic tunneling junction device with current 

perpendicular to plane configuration. In the ring-MTJ device, a Fe ring free layer and an 

exchange biased IrMn/Fe ring pinned layer are sandwiched by an MgO barrier layer 

between them. Depending on the relative orientation of the magnetization in the Fe ring 

and IrMn/Fe ring, the resistance of the device is higher when they are antiparallel than 

parallel, which may be used as memory element in a magnetoresistive random-access 

memory.  
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Chapter 1 

FERROMAGNETIC RING STRUCTURES AND CRITICAL LENGTH SCALES FOR 

NANOMAGNETISM 

 

1.1 Introduction and background 

  With continuously improving fabrication techniques in thin film deposition 1 , 

lithography patterning 2 and self-assembly, 3 the past decade has witnessed a vast boom 

in research of magnetic thin film structures 1,4 and devices 5 with lateral dimensions 

approaching the critical length scales where the basic magnetic interactions compete with 

each other in magnitude. 6 By carefully modulating the atomic, electronic and chemical 

structure of the thin film via controlling its growth condition, 7 or physically confining it 

in one, two or all three dimensions, 8 these new magnetic thin-film structures with 

reduced size exhibit distinct magnetic properties that are significantly different from their 

bulk counterparts. 9 This enhances their potential use as platforms for studying new 

physical phenomena in the nanometer scale 10 and inspires novel devices with enhanced 

performance. 11 

 

1.2 Magnetic vortex state in ferromagnetic nano-disks and rings 

  Among all the magnetic thin-film structures, circular shaped 2-D magnetic disk and ring 

structures are of particular interest because of their flux closure vortex state. First 

discovered in 2000, 12 the magnetic vortex state in circular disks has attracted a lot of 
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research interests in the past decade. 13, 14, 15, 16, 17 As shown in Figure 1.1, if the material 

of the disk does not have strong magnetocrystalline anisotropy, at remanence (external 

field Hex = 0), in order to minimize the magnetostatic energy, the magnetic moments of 

the disk tend to curl around the disk edges to form close loops along the azimuthal angle 

direction, which is called a vortex state.  

 

Figure 1.1 (a) In-plane view of the spin configurations of vortex state in thin film disk (b) 
magnetic moment in the center of the vortex core is pointing in the out-of-plane direction. 

 

  For such a 2-D circular disk in vortex state, there are no net magnetization and no stray 

fields in the disk plane, which results in zero magnetostatic energy. The only energy price 

comes from the exchange interaction that exists between neighboring non-parallel 

moments. However, as you approach the center of the disk, as the curvature of the closed 

loop increases, the angle between adjacent spins become larger and larger, the magnitude 

of the exchange energy between neighboring spins increases accordingly and finally the 

exchange interaction forces the spins to align along the normal direction of the disk plane, 
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forming a structure called vortex core [Figure 1.1(b)]. For polycrystalline Fe, the vortex 

core size is reported to be 14 nm in diameter. 18 

  In the vortex state of the magnetic thin-film disk, there exist two degrees of freedom, as 

shown in Figure 1.2: (1) the direction of the vortex core magnetic moment, or polarity, 

can either point up or point down; (2) the circulation direction of the magnetization in the 

disk plane, or chirality, can either be clockwise (CW) or counter-clockwise (CCW). 

Theoretical simulation and experiment show that these two degrees of freedom are 

independent of each other, i.e. you can change the polarity of the center moment without 

affecting the chirality of the disk, and vice versa.   

 

Figure 1.2 Two degrees of freedom in the magnetic vortex state of disks: polarity and chirality 
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  Because of its zero stray field, high stability and two degrees of freedom, magnetic thin-

film disk has been proposed as the potential candidate for high density magnetic 

recording media, 19 elements of magnetic logic device 20 and magnetic agents for in-vitro 

hyperthermia to kill cancer cells.21  

  However, as discussed earlier, formation of the vortex state sacrifices the exchange 

energy to minimize magnetostatic energy. As a result, the energy density per volume of 

the disk increases drastically as you approach the disk center. In Figure 1.3(b), we plot 

the energy density map of the magnetic thin-film disk in vortex state. The vortex core 

area appears as a bright spot in the center with very high energy density compared to the 

rest of the disk. 

 

Figure 1.3 (a) Spin configuration of the magnetic thin-film disk in vortex state (b) energy density 
map of (a), showing the high energy vortex core in the center of the disk. 

 

  In large magnetic thin-film disk (outer diameter larger than 1 μm), compared with the 

energy saving by forming the vortex state, the vortex core only adds a small amount to 

the total energy of the disk. However, as the size of the disk decreases to the nanometer 
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range, the energy contribution of the vortex core becomes an increasingly significant part 

of the total energy of the disk. According to theoretical calculations, report shows that the 

energy of vortex core is so high that the vortex state is not stable in permalloy magnetic 

thin-film disks below 100 nm. 22 For disks with smaller size, it forms single-domain state 

in which all the spins in the disk are aligned along one direction in the disk plane. This 

critical size of the magnetic vortex state is fatal for applications such as magnetic storage 

because it sets the lower boundary of the recording element size and severely limits the 

recording density. 

  One solution to the size limitation problem is simply removing the vortex core from the 

center of the disk. By eliminating the central portion of the disk, it can be switched to a 

ring. The magnetic thin-film ring loses the freedom of the vortex core polarity but still 

keeps the freedom of chirality in its vortex state, as shown in Figure 1.4(a). As a result of 

the removal of the high-energy vortex core, the vortex state in magnetic thin-film ring 

structure is far more stable than disk. Theoretical calculations 23 show that the vortex 

state is stable in ring structures with an outer diameter as small as 30 nm. Because of its 

ability to maintain vortex state at small size, ferromagnetic ring structure has been 

proposed as a practical type of high-density data storage devices, 24, 25, 26, 27 magnetic 

logics 28 and biomedical sensors. 29 

 

1.3 Magnetic states and switching behavior of ferromagnetic nanorings  

  Besides the flux-closure magnetic vortex state, some other unique magnetic states, such 

as the onion state, have been found in ring structures. The onion state is usually formed in 
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the remanence state after the ferromagnetic ring is saturated by an in-plane external 

magnetic field. A pair of 180° head-on domain walls are formed in the original field 

direction, as shown in Figure 1.4(b). Because of this pair of domain walls, the onion state 

in the ring structure provide an ideal platform to study the structure 30 and motion 31 of 

magnetic domain walls, and their interactions with each other. 32 

 

Figure 1.4 Magnetic states in thin film ring structure (a) vortex state (b) onion state. 

 

  For fundamental science and applications purposes, the magnetic switching behavior of 

the ferromagnetic ring structures between these states is an interesting research subject. 

Reports show that the switching process is highly sensitive to the size, 33, 34 width, 35 

thickness, 36 and anisotropy 37 of the ring.  

  Generally, two types of switching processes have been observed in the ring structures, 

as shown in Figure 1.5. The first type is the single-step switching, where the hysteresis 

loop of the ring shows a single jump from positive saturation [Figure 1.5(a)] to negative 

saturation [Figure 1.5(e)]. The ferromagnetic ring remains in the high remanence quasi-

saturated state at remanence [Figure 1.5(c)], at coercive field, Hc, the magnetization of 
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the ring reverses via domain nucleation and growth [Figure 1.5(d)]. After the nucleation 

step, the magnetization of the ring is fully reversed in the negative direction [Figure 

1.5(e)]. 

Figure 1.5 Two types of switching modes in the magnetic thin-film ring structure (1) single-step 
switching with quasi-saturated state formed at remanence, as shown in 1(c); (2) Double step 
switching with vortex state formed at remanence, as shown in 2(h). 

 

  The second type of switching, as shown in Figure 1.5(2), is a double-step switching 

process. From positive saturation [Figure 1.5(f)], the ferromagnetic ring first switches its 

magnetization in the left (or, right) half via domain nucleation [Figure 1.5(g)] and forms 

the flux-closure vortex state [Figure 1.5(h)]. Reversing the field direction in the negative 

direction can lead to the collapse of the vortex state, and the magnetization of the right 

half ring also switches via domain nucleation [Figure 1.5(i)], and finally, the ring 
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saturates in the negative direction [Figure 1.5(j)]. Since the intermediate vortex state is 

formed at remanence (Hex = 0), the hysteresis loop shows a constricted shape. 

 

1.4 Magnetic interactions and critical length scale 

  The formation of these different magnetic states and switching behaviors is the result of 

the competitions between different magnetic interactions and energy terms. The three 

major magnetic energy terms that dominate the magnetization process in the nanometer 

scale are exchange energy, magnetocrystalline energy, and magnetostatic energy.  

  Exchange interaction governs the coupling between neighboring spins, which typically 

spans a length scale on the order of a lattice parameter. Exchange coupling is produced 

by overlap of electronic orbitals, and therefore is short-ranged. The strength of the 

exchange interaction is often characterized by the exchange integral J of the material, 

which has been calculated numerically from first principles for many ferromagnetic 

materials based on the electron structure. The sign of J also determines if the spins are 

coupled ferromagnetically (J > 0) or antiferromagnetically (J < 0). 

  The magnetocrystalline energy term is a measure of the energy required to change the 

magnetization axis of an ordered array of spins. The magnetization includes contributions 

from the spin and orbital moment of the electron. The orbital moment is strongly coupled 

with the crystal symmetry. The interaction between spin and orbital moment (spin–orbit 

coupling) can be altered by changing the atomic structure and site symmetry of the 

material. 
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  The magnetostatic energy comes from the magnetic dipole-dipole interaction in the 

material. The dipole interaction is long range and tends to minimize the stray field of the 

system by forming domain structures.  

  The exchange, magnetocrystalline and magnetostatic energies are of different origins 

and have different interaction range. The balancing of these interactions creates the 

characteristic length scales in magnetism. Among them, there is the exchange length: 

𝑙!" =
!!

!!!!
!                                                                                                                   (1-1) 

in which A is the exchange stiffness constant of the material,  

                                                                                                                        (1-2) 

where a is the length of the edge of the unit cell, and where c=1, 2, and 4 for simple-cubic 

(sc), body-center-cubic (BCC) and face-center cubic (FCC) lattices, respectively. µ0 is the 

vacuum permeability and Ms the saturation magnetization of the material. The exchange 

length reflects the balance of short-range exchange interactions and long-range dipole-

dipole interactions. In the size range below the exchange length, exchange interaction is 

the dominant force to determine the magnetic behavior of an object. 

And the dimensionless magnetic hardness parameter 

𝜅 = 𝐾! /𝜇!𝑀!
!                                                                                                           (1-2) 

which is the ratio of magnetocrystalline anisotropy to magnetostatic energy. 

And the domain wall width: 

𝛿 = 𝜋𝑙!"/𝜅                                                                                                                     (1-3) 

Smaller than this size, magnetic multi-domain states with Bloch domain walls are not 

A =
JS2c
a
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going to form. 

  Expressions for some characteristic magnetic length scales are summarized in Table 1.1, 

38 together with their values for a range of magnetic materials. 

 

 

Here, κ is the hardness parameter; lex is the exchange length; δw is the Bloch domain wall 

width; Rsd is the maximum equilibrium single-domain particle size, which also shows the 

balance between the exchange interaction and the magnetostatic interaction.  

  These critical length scales provide good references for the investigation of magnetic 

domain configuration and switching behavior of the magnetic thin-film nanostructures 

because they show the approximate length range where the magnetic property of the 

structure starts to change. 

  Besides the critical length scale set by fundamental magnetic behavior, to study 

ferromagnetic nanostructures, different techniques used for lithography and 

characterization also have their resolution and sensitivity limitations. Figure 1.6 lists 

some relevant length scales: 39 
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Figure 1.6 Length scales relevant to different magnetic phenomena (red), nanofabrication 
techniques (blue), tools suitable for probing magnetic structures across the thin dimension of a 
film (green), those that are applicable to studies of lateral inhomogeneities (orange). 
 

  The evolution of the properties of magnetic thin film structures with size is discussed in 

the following sections. 

 

1.5 Geometric parameters to define a magnetic thin-film ring structure 

  As discussed in the previous sections, in this thesis, we systematically study the 

magnetic properties of ferromagnetic ring structures. A lot of work has been done to 

discuss the relationship of the magnetic behavior of the ferromagnetic ring structure and 

its physical properties, such as the geometry 40, 41, 42 and materials. 43 As shown in Figure 
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1.7, there are three geometric parameters that can define the shape of the ring: the lateral 

size (Dout), the center hole size (Din) and the thickness (tFe). 

 

Figure 1.7 Three geometric parameters that define the ring geometry: the outer diameter Dout, the 
inner hole size Din and the thickness tFe. 

 

  In this thesis, we describe the relationship between the physical properties of the 

ferromagnetic nanorings and their magnetic behavior. We use a series of fabrication, 

characterization and simulation tools to study the magnetic behavior of the ferromagnetic 

ring structures (Chapter 2). Then we systematically varied the thickness (Chapter 3), size 

(Chapter 4), width (Chapter 5) and interface properties (Chapter 6) of the ring and studied 

their effects on the magnetic properties of the ring structure. A prototype magnetic ring 

based magnetic tunnel junction (MTJ) device for magnetic random access memory 

(MRAM) is discussed in the last chapter (Chapter 7). 
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Chapter 2  

NANOFABRICATION, CHARACTERIZATION AND MODELING 

 

  In Chapter 2, we discuss the fabrication techniques that are used to produce thin-film 

ferromagnetic ring structures, including thin film deposition and lithography patterning. 

A series of characterization methods, such as X-ray diffraction (XRD), magneto-optical 

Kerr effect (MOKE) and magnetic force microscopy (MFM) that are applied to study the 

magnetic behaviors of these nanoring patterns is also discussed. Finally, details of the 

micromagnetic simulation that is used to model and explain these behaviors are presented. 

 

2.1 Growth of magnetic thin-films structures: ion beam sputtering (IBS) 

  The fabrication of the multilayer nanorings starts with thin film deposition. Thin-film 

technology is simultaneously one of the oldest arts and one of the newest sciences. The 

ancient craft of gold beating has been practiced continuously for at least four millennia 

for durable ornamentation and protection purpose.44 The modern thin-film technology is 

universally applied in electronic semiconductor devices and optical coatings. 45  

  The act of applying a thin film to a surface is thin film deposition. Depending on the 

mechanism of the process, typical thin film deposition methods can be classified into 

chemical deposition and physical deposition. 46 Chemical deposition involves chemical 

reaction of certain precursors at the substrate surface, which includes plating, chemical 

vapor deposition (CVD) and atomic layer deposition (ALD). 47 Physical deposition, on 
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the other hand, transports the material to the substrate via mechanical, electromagnetic 

and thermodynamic means. 48 Here, in this thesis, the focus is on the physical deposition 

methods. Physical deposition includes thermal evaporation, sputtering, pulsed laser 

deposition, cathodic arc deposition and electro-hydrodynamic deposition.  

  All the thin film and lithographically patterned structure samples discussed in this thesis 

are grown in the ion beam sputtering (IBS) system in our laboratory. The schematic setup 

of the IBS system is depicted in Figure 2.1. The system consists of a main sputtering 

chamber and a small load lock, connected by a vacuum gate. The main sputtering 

chamber is constantly maintained at a high vacuum of 10-8 Torr by the constant pumping 

of a cryopump located at the bottom of the sputtering chamber operating at 11 K. A 

water-cooled helium compressor keeps the low temperature of the cryopump. The load 

lock is designed to help maintaining the vacuum of the main sputtering chamber so that 

samples can be transferred into/out of the main chamber via a magnetic transporter on the 

load-lock side and venting only takes place in the small load lock chamber after the 

vacuum gate is closed.  
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Figure. 2.1 Schematic illustration of the set up of the ion beam sputtering system 

 

1. The IBS system utilizes a Kaufman ion source to generate a relatively high-

intensity focused ion beam directed at the target to be sputtered. The ion source 

consists of a discharge chamber and grids with a common central axis. Applying a 

high voltage field of 250-1000 V between the anode and cathode inside the 

discharge chamber creates an electrostatic field inside the ion source, confining 

electrons around a saddle point in the center of the chamber. When argon gas is 

injected into the ion source from the back, the high electric field causes the Ar 

atom to ionize, creating plasma inside the discharge chamber. The ions are then 

accelerated from the source to the exit grids by the high electrical fields between 
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the two lenses of the grid. The magnetic field from the magnetic aligner keeps the 

direction of the ion stream to be along the source axis. When the ions pass through 

the grids, the apertures focus the beam and create a "collimated" ion beam. As the 

ions leave the source they are neutralized by electrons from a second external 

filament called the neutralizer. The resulting neutral atom flux impinges upon a 

target material, transfers momentum between the ion and the target, to sputter this 

material onto the sample. 

  Since the beam is electrically neutral, the IBS system can sputter both conductive and 

insulating targets. The targets are placed at the focal plane of the ion source. The target 

holder has a cubic shape and can hold up to 4 different targets at one time. During 

sputtering, the targets can be switched by rotating the target holder. 

  The substrate is placed at the ceiling of the main chamber facing downwards. During the 

thin film growth, the sputtered elements diffuse along the gas pressure gradient from the 

ion source to the substrate and get deposited. At the back of the sample holder is a 

vacuum sample heater, which heats the sample in the temperature range of 300 K to 800 

K. A thermocouple is mounted at the sample holder to monitor the instantaneous 

temperature of the sample. Right next to the sample holder is a quartz crystal 

microbalance (QCM) thickness monitor, which detects the resonant frequency shift of the 

quartz crystal due to the deposited thin film, and thus calculate the film thickness. 
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2.2 Patterning of magnetic thin film: photolithography and electron beam lithography 

In order to pattern continuous thin films into nanostructures, nanofabrication techniques 

such as lithography and etching must be applied. For our ferromagnetic ring samples, 

depending on the lateral size of the sample, two different types of lithography techniques 

have been used: photolithography and electron beam lithography (EBL). 

  Photolithography is one of the most commonly used patterning techniques in the 

semiconductor industry.49 In photolithography, a substrate, spin-coated with a thin layer 

of photoresist, is exposed to an ultraviolet (UV) light source through a photomask. The 

photomask is typically a quartz plate covered with patterned microstructures of an opaque 

chromium film. The photoresist exposed to the UV light becomes either more (positive 

tone resist) or less (negative tone resist) soluble in the developer solution. In either case, 

the pattern on the photomask is thus transferred to the film of photoresist. The patterned 

photoresist can be subsequently used as a mask for doping or etching of the substrate. 50 
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Figure 2.2 (a) illustration of the exposure step in the photolithography that transfers the pattern 
from the mask to the photoresist layer; (b) illustration of the post-development pattern transfer 
process that creates the ferromagnetic nanostructures. 

 

   Because of the development of the semiconductor industry, the process of 

photolithography is well developed and implemented with strict standards. For our 

sample, all the photolithography patterning is carried out inside the Microfabrication 

Facility’s (MFF) class 1000 cleanroom at University of Washington Seattle campus. 

Class X here means that in each cubic foot of air in the factory, there are less than X total 

particles greater than 0.5 µm in size. 

  First, substrates, i.e. Si wafers, are cleaned using chemical baths or plasma procedures in 

order to remove contaminants that may lead to poor adhesion or defect formation in the 

resist layer. The cleaning process usually starts with a piranha solution cleaning, as 
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shown in Figure 2.3(a), which uses a 3:1 mixture of H2SO4 and H2O2 to decompose the 

residual resist or other organic contaminations into CO2 and H2O. Then the Si wafers are 

subjected to a three-step standard cleaning procedure, which is invented by Kern and 

Puotinen at RCA in 1965. In RCA cleaning, the wafers are first immerged in high-pH 

solution consisting of 5H2O + 1H2O2 + 1NH4OH at 70 – 80 °C for 10 minutes (called SC-

1) [Figure 2.3(b)]. This solution oxidizes organic films and removes metal ions on the 

wafer. The second step is a short immersion in a 1:50 solution of HF + H2O at 25 °C, in 

order to remove the thin oxide layer and some fraction of ionic contaminants [Figure 

2.3(c)]. The third and last step (called SC-2) is performed with a 1:1:6 solution of HCl + 

H2O2 + H2O at 75 or 80 °C [Figure 2.3(d)]. This treatment effectively removes the 

remaining traces of metallic (ionic) contaminants. 

Figure 2.3 Standard procedure of photolithography before applying the photoresist (a) Piranha 
cleaning (b) SC1 cleaning (c) HF cleaning (d) SC2 cleaning (e) Spin drying (f) HMDS vapor 
oven baking.  
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  After rinse in DI water and spin dry [Figure 2.3(e)], the surface of the Si wafer is 

modified by using an adhesion promoter, such as hexamethyldisilazane (HMDS), which 

enhances the adhesion of the resist to the substrate. The HMDS is introduced as a vapor 

into a chamber containing wafers and baked for 45 mins to form a monolayer at the Si 

wafer surface [Figure 2.3(f)]. 

  The photoresist (AZ1512, as an example) is then spin coated onto the Si wafer surface at 

4000 rpm, forming a thin uniform resist layer 1.2 µm thick. After the spin coating, the 

next step is the prebake. The coated Si wafer is placed on the hot plate and baked at 90°C 

for 30 minutes. The prebake step further evaporates the remaining solvent in the resist 

from 25% down to 5% of the resist content. It also improves the adhesion of the resist 

since the heating strengthens the bonds between resist/HDMS and Si wafer. Finally, it 

helps to relieve the stresses present in the resist as a result of the spinning process through 

thermal relaxation. 

  The exposure is performed in the EVG 610 semi-automated mask alignment system, 

with an UV light source of 450 nm wavelength and power of 500 W for 3.3 seconds. The 

exposure energy dose is 23 mJ/cm2, which may vary significantly for different patterns. 

The experimental exposure process is shown in Figure 2.4. 
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Figure 2.4 (a) The Si wafer coated with resist is exposed to UV light on a EVG 610 aligner; (b) 
the photomask is held in between the UV light source and the wafer; (b) the wafer is applied close 
to the mask by vacuum; (d) the position of the mask and the wafer can be precisely tuned by the 
optical system of the aligner. 

 

  After the exposure, the Si wafer is baked again in a step called post-exposure bake 

(PEB) at 100 °C for 10 minutes. At elevated temperature, the exposed area can diffuse 

and smear out the wavy shape edges caused by the standing wave along the edge of the 

resist features. 

  The final step is the development. The AZ1512 pattern is developed in the 3:1 AZ312 

MIF developer: H2O solution for 60 seconds. It can either be developed manually by 

immersing the wafer in the solution [Figure 2.5(a)], or it can be developed using the pre-

programed spin developer [Figure 2.5 (b)]. The developed feature is rinsed in deionized 

water for 3 cycles and dried in the spin drier. 
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Figure 2.5 Development (a) manually (b) by a pre-programed vacuum spin developer. 

 

  The developed photoresist ring-shape pattern of the same photomask is shown in Figure 

2.6. Figure 2.6(a) shows the ring shape resist posts created by positive-tone photoresist 

AZ1512. Figure 2.6(b) shows the ring-shape holes created by negative-tone photoresist 

NR7-1000PY from the same mask. The two features are just opposite to each other. 

Figure 2.6 Photolithography patterned resist layer of (a) positive-tone resist AZ-1512, showing 
2.4 µm diameter ring-shape posts; (b) negative-tone resist NR7-1000PY, showing ring-shape 
holes of the same size. 
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  Although photolithography has many advantages such as high throughput, its resolution 

is severely limited by the wavelength of the UV light source used for exposure. Since 

electron beam has smaller wavelength and a well-controlled probe size, electron beam 

lithography (EBL) can provide excellent resolution for features in the nanometer scale. 

However, since the writing process of the feature is done point by point, the throughput 

of the EBL is very low compared to parallel patterning methods such as photolithography. 

  In electron beam lithography, material sensitive to the electrons, such as poly (methyl 

methacrylate) (PMMA), is used as the resist. PMMA can differ in its molecular weight 

(495K or 950K) in either anisole or chlorobenze. For our samples, we use PMMA 950 

A3 resist, with molecular weight of 950K, diluted in 3 % anisole (A3). The PMMA resist 

is spin coated on 4-inch Si wafer at 3000 rpm for 45 s to form a uniform thin film of 100 

nm thickness. The resist is soft baked on hot plate at 180 °C for 90 s. The writing is 

carried out at University of Washington Nano Tech User Facility’s (NTUF) FEI XL-30 

scanning electron microscope. The 30 keV electron beam is first tuned by focusing the 

beam within the smallest beam size on a gold nanoparticles calibration standard at 

×100,000 magnification. Then this optimized beam is moved onto the PMMA coated 

substrate for writing patterns in a point-by-point process under the control of the NPGS 

software and the E-beam writter. The EBL setting is schematically displayed in Figure 

2.7.  
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Figure 2.7 (a) Schematic illustration of the electron beam lithography. Electron beam from the 
emitter are focus precisely in a small spot on the resist layer at the bottom. (b) FEI XL-30 SEM. 

 

  The typical exposure dosage for the PMMA layer is between 50 ~ 500 µC/cm2, however, 

the dosage of a specific pattern is usually determined by a dosage test in advance. 

  After writing, the pattern is immersed into the 1:3 MIBK to IPA developer for 70 s and 

rinsed in IPA solution and blow dry with nitrogen gas. 

  Magnetic thin films are then sputtered onto the EBL pattern in the ion-beam sputtering 

chamber. Then the sample is immerged in acetone solution for 24 hours before a 15 s 

ultrasonic lift-off. The finished sample is shown is Figure 2.8. 
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Figure 2.8 In-plane view of EBL patterned 1 µm ring structures with changing Din / Dout ratio 

 

2.3 Structural characterization of magnetic thin film: X-ray Diffraction 

  X-ray diffraction (XRD) is the primary means for determining the crystal structure of 

bulk materials, and this technique can also be applied to thin films. In addition, the x-ray 

reflectivity (XRR) technique can be used on thin film materials for extracting information 

on the layer thickness and free surface and interface roughness. Here, a background on 

the theory and experiment is presented as a brief overview of the technique. More 

information about XRD and XRR can be found in published texts. 51, 52,53  
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  X-rays are electromagnetic radiation generated by either x-ray tubes or synchrotron 

radiation. In a x-ray tube, which is the primary x-ray source used in laboratory x-ray 

instruments, x-rays are generated when a focused electron beam is accelerated across a 

high voltage field to bombards a stationary or rotating solid target. For our Rigaku XRD 

system, a rotating Cu target is used. When the high-speed electron beam hits the Cu 

target, it knocks out electrons in an inner shell, normally K shell, and generate a hole. The 

hole in the K shell is filled by an electron from an outer shell, normally L shell. The 

energy difference between L and K shells is released as a characteristic x-ray quantum. 

Common targets used in x-rays tubes include Cu and Mo, which emit 8 keV and 14 keV 

x-rays with corresponding wavelength of 1.54 Å and 0.8 Å, respectively. Since the 

wavelength of x-rays is comparable to the inter-atomic distance in crystals, it is ideally 

suited for probing the structural arrangement of atoms and molecules in a wide range of 

materials. 

  In XRD, incident x-rays on a sample are scattered by parallel planes of atoms, where 

each plane reflects 10-5 to 10-3 of the incident radiation, depending on the scattering 

power. Diffraction effects are observed when the distance between the sources (plane of 

atoms) is comparable to the wavelength of the incident x-rays. The diffracted radiation 

has a strong angular dependence because it is produced by constructive and destructive 

interference. Constructive interference occurs when the phases of the scattered waves 

from atoms in parallel planes differ by an integer number of wavelengths, and a peak in 

the diffraction pattern is formed. Destructive interference results in low intensity in the 

diffraction pattern. 
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Figure 2.9 XRD θ – 2θ scan geometry and the Bragg’s law. 1(1’) and 2(2’) are two parallel 
incident beams. 

 

  The position and intensities of the peaks are used to identify the underlying structure or 

phase of the material. For a given set of lattice planes with an inter-plane distance of d, 

the condition for a diffraction peak to occur can be simply written as 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃                                                                                                                (2.3.1) 

also known as Bragg’s law, in which n is the order of wavelength. λ is the wavelength of 

incident beam, which is 1.54 Å for Cu target. d is spacing between planes in the atomic 

lattice. θ is angle of incident beam. Figure 2.9(a) illustrated the set-up of conventional 

XRD in this Bragg-Brentano geometry. The detector is always at the angle of 2θ with 

respect to the incident beam, which gives the conventional XRD name of θ-2θ scan. 
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Figure 2.10 (a) Structure of the face-center-cubic Ir50Mn50 unit cell, (111) plane is uncompensated. 
(b) X-ray diffraction of the Ta(1 nm)/Cu(5 nm)/IrMn(10 nm)/Fe(30 nm)/Ta(2 nm) multilayer, and 
the Ta(1 nm)/Cu(5 nm)/Fe(30 nm)/Ta(2 nm) reference sample. The IrMn has a (111) texture.(c) 
Structure of the exchange-biased multilayer. 

 

  Figure 2.10 shows the θ-2θ scan result of a Ta (1nm)/Cu (5 nm)/IrMn (10 nm)/Fe (30 

nm)/Ta (2 nm) exchange biased multilayer. Compared with the reference sample, Ta 

(1nm)/Cu (5 nm)/Fe (30 nm)/Ta (2 nm), we can see that the IrMn layer has a (111) 

texture. Figure 2.10(a) shows the spin configuration of the IrMn (111) surface, which is 

uncompensated and induces the exchange bias interfacial coupling in IrMn/Fe. 

  The scattering geometry of XRR is the same as the conventional XRD, except that the 

x-rays strike the thin film surface at very small glancing angle, typically less than 5 

degree. As a comparison, XRR is dependent on the interference of the reflected x-rays at 

different interfaces, due to different electron densities between different layers, while 

XRD is dependent on the interference of the diffracted x-rays from periodic lattice points 

in planes of the crystal. XRR still satisfy the Bragg’s Law 𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃, but now d is the 

thickness of the thin film or superlattice. 
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  XRR takes advantage of this effect by measuring the intensity of x-rays reflected from a 

surface as a function of the incident angle to provide information on the thickness, 

roughness and density of thin films on a surface, as shown in Figure 2.11 (a).53 The 

intensity scattered by a sample is proportional to the square of modulus of the Fourier 

transform of the electron density. Thus the electron density profile can be deduced from 

the measured intensity pattern, and subsequently the vertical properties (layer thickness) 

and the lateral properties (interface roughness) characterizing multilayers can be 

determined.  

Figure 2.11 (a) XRR geometry. (b) XRR intensity plot with respect to 2θ. (3) Log of intensity plot 
with respect to k. 
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  For example, the XRR of a single Au layers on Si substrate, shown in Figure 2.11(b) 

can be used to calculate the Au film thickness. Here Figure 2.11(b) shows the original 

XRR data of the intensity plotted with respect to 2θ. Then we change the plot from I-2θ 

(Figure 2.11(b)) to I-k plot (Figure 2.11(c)): 

𝑘 = 2 sin 𝜃 /𝜆                                                                                                            (2.3.2) 

where λ is 1.54 Å. We choose two peaks next to each other from I-k, measure distance of 

the two peaks in x axis as d. The film thickness t=1/d. 

  For 2n continuous peaks in the I-k curve, average of the peak-to-peak distance is 

d = 1
n2

ki − ki
1

n

∑
n+1

2n

∑⎛⎝⎜
⎞
⎠⎟

                                                                                                   (2.3.3) 

For the film shown in Figure 2.11, d=0.0172 Å-1. The film thickness t =58.2 Å. 

 

2.4 Characterization: magneto-optical Kerr effect (MOKE) 

  The magneto-optical Kerr effect (MOKE) or surface magneto-optical Kerr effect 

(SMOKE) is a magneto-optical effect discovered by John Kerr in 1877 that can be used 

to measure the magnetic properties of thin films or surface magnetic properties. A 

linearly polarized light becomes elliptically polarized upon reflection from a surface of 

finite magnetization and its polarization axis also rotates in this process. 54, 55 The rotation 

of polarization is known to be proportional to the magnetization of the sample surface, so 

the magnetization of the sample can be detected by measuring the Kerr rotation. 
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  In our experimental MOKE setup, a He-Ne laser beam with wavelength of 633 nm is 

used as the light source. One set of electromagnets is used to generate the magnetic field, 

between ±2000 Oe. Linearly polarized laser is first generated by a polarizer before 

shooting onto the magnetic sample surface. Polarization axis rotation of the reflected 

light is detected by a second polarizer (analyzer) and a photodiode detector with a lock-in 

amplifier. Our MOKE system is equipped with a 360-degree rotation sample stage so that 

the magnetic field can be applied at any arbitrary direction in the sample surface plane. 

  Depending on the direction of the magnetization vector with respect to the reflecting 

surface and the plane of incidence, MOKE can be categorized into 3 different modes, i.e., 

polar, longitudinal, and transverse. Polar mode measures the magnetization component 

perpendicular to the sample plane. It is often used for samples with perpendicular 

magnetic anisotropy such as Co/Pt multilayers, or thin film with L10 symmetry, such as 

FePt. 

Figure 2.12 Illustration of three different modes of MOKE (a) longitudinal (b) transverse (c) polar. 
The longitudinal mode measures the M component in the sample plane and parallel to the light 
beam plane; the transverse mode measures the M component in the sample plane but 
perpendicular to the light beam plane; the polar mode measures the M component perpendicular 
to the sample plane. 

 

  Longitudinal mode measures the magnetization component in the sample plane and 
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parallel to the light beam plane. Transverse mode measures the component in the sample 

plane but perpendicular to the light beam plane. These two modes are widely applied in 

most thin film samples as the magnetization normally lies in the plane due to the shape 

anisotropy. With the three different measuring modes, MOKE measurement provides a 

convenient way to map the 3D magnetization of a sample.  

  In this thesis, MOKE is used to detect the magnetic hysteresis behavior of 

lithographically patterned magnetic nanostructures. Compared to continuous film 

samples, the ratio of surface covered by magnetic material is significantly smaller in 

these patterns, which gives a weak and noisy signal. To obtain a stable signal from the 

sample, the hysteresis loop is averaged over multiple times, as shown in Figure 2.13.  

Figure 2.13 Single time measured and 15 times averaged MOKE hysteresis loop of the Dout=2.4 
µm, tFe=10 nm ring structure.  

 

  A typical hysteresis loop measured by MOKE is plotted with the Kerr signal (Kerr 

rotation) as a function of the applied magnetic field. However, the magnitude of this 

signal is not the magnetization itself but proportional to the magnetization by a factor. 

For the absolute quantitative determination of magnetization, a vibrating sample 
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magnetometer (VSM) measurement is required. 

 

2.5 Magnetic characterization: magnetic force microscopy (MFM) 

  Scanning probe microscopy (SPM) is a class of microscopies that obtains images of a 

surface by using physical probes that scan the specimen surface. 

  Figure 2.14 is a schematic diagram showing the major components of a typical scanning 

probe microscope. A cantilever supporting a very fine tip with a typical end radius of 

several nanometers is used as a probe to investigate the surface properties of a sample by 

scanning over it. The cantilever is held by a piezoelectric transducer (PZT). Columnized 

light from a super-luminescent diode (SLD) is reflected from the back of the cantilever 

onto a position sensitive quadrant photocell. As the cantilever and tip are scanned over 

the sample surface, the cantilever bends and the light beam reflected is deviated by the 

bending, hence its position on the quadrant photocell changes. The signals from the 

photocell are used as input to a servo system that controls the PZT moving the cantilever 

to maintain a constant bending of the cantilever and thus return the reflected beam’s point 

of incidence on the quadrant photocell to the center. This ensures that the force exerted 

by the tip on the surface remains constant and that the tip follows the surface topography. 

A measure of changes in the servo signal gives an indication of the surface topography. 
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Figure. 2.14 Schematic illustration of the feedback-control system of the MFP-3D AFM 

 

  There are two basic operating modes of the SPM, the first is the static or contact mode, 

in which the probe is in direct contact with the sample surface during the scan. The other 

mode is the dynamic or tapping mode, in which the cantilever oscillates above the surface 

during the scan. If the tip is far from the surface, the magnitude of the vibration is its free 

air magnitude. However, as the tip approaches the surface, it starts to feel the force from 

the surface acting on it, which can be either attractive or repulsive, depending on the 

distance. The vibration magnitude changes from the free air value. If we can control the 

servo to maintain the vibration magnitude of the tip at a certain setting value, the distance 

between the tip and the surface is fixed. In the tapping mode, by carefully maintaining the 

vibration magnitude of the tip, we maintain a constant distance between the tip and the 

sample during the scanning and obtain the surface morphology, as shown in Figure 2.15.  
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Figure 2.15 (a) AFM image of the surface topography of 30 nm thick Fe film (b) the variation in 
the z direction along the marked diagonal line in (a), showing the roughness is smaller than 0.2 
nm. 

 

  In magnetic force microscopy (MFM), the tip is coated with a thin layer of magnetic 

material such as Co and CoPtCr. To isolate the magnetic signal of the sample surface 

from other signals, the tip scans over the surface of the sample twice, which is call “lift-

mode” or “nap mode”. Compared to other tip-surface interactions such as van der Waals 

and capillary wetting interactions, magnetic interaction is long range and falls off much 

more slowly and can be detected when the tip is lifted up at certain distance (delta height, 

which varies from sample to sample). Therefore, the key of the MFM is to separate the 

short range topographical interactions from the long rang magnetic interactions by 

scanning the tip over the sample surface at different height for two separate times.  
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Figure 2.16 Schematic illustration of the nap mode MFM: the tip scans the surface twice, first 
time scans the topography, second time the tip is lifted up to detect the phase shift caused by the 
magnetic interaction. 

 

  As shown in Figure 2.16, in MFM, the tip first scans over the sample surface in normal 

tapping mode, which collects the short-range interactions and obtains the topography 

information of the sample surface. Then, the tip is lifted up from the sample surface by 

the PZT for several nanometers (called the delta height) and scans following the previous 

path again. This time it follows the topography template it records from previous scan in 

the z direction and thus the tip-surface distance is maintained as a constant. Since the 

second path is far away from the surface, the short-range interactions are diminished, 

while the long-range magnetic interaction dominates the signal and can be detected by 

the magnetized tip.  

  Since the MFM tip can be viewed as a small magnetic dipole, the MFM measures the 

gradient of the magnetic field in the perpendicular direction normal to the surface. As the 

tip scan over the sample surface, wherever it encounters a non-uniform stray field, a force 
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is exerted on the tip: 

𝐹 = 𝜇! 𝑚 ∙ ∇ 𝐻                                                                                                          (2.5.1) 

where 𝑚 is the magnetic moment of the tip (approximately as point dipole), 𝐻  the 

magnetic stray field from the sample surface, and 𝜇! the magnetic permeability of free 

space.  

  Figure 2.17 showed the MFM domain image of the 2 micron wide wires and dots.  

 

Figure 2.17 MFM domain image of (a) 2 micron wide Fe wires (b) 2 micron sized Fe dots. Both 
of them are broken into multi-domain state. 

 

  Since the MFM uses a magnetized tip to detect the magnetic signal from the sample, its spatial 

resolution is limited by the tip diameter. Most of the MFM tips are fabricated by sputtering a 

magnetic film (such as CoCr or CoPt) onto the regular AFM tips. For the Olympus TM MFM tips 
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we use in our lab, the AFM tip has a tip diameter of 28 nm. 56 Low-moment MFM tip is coated 

with a 15 nm CoCr layer and thus has a total size of 40 nm. 56 High-moment MFM tip is coated 

with a 100 nm CoCr layer and thus has a total size of 168 nm. 56 The high-coercivity MFM tip is 

coated with a 45 nm CoPt/FePt layer and thus has a total size of 86 nm. 56 

  

2.6 Magnetic modeling: LLG micromagnetic simulation 

  Micromagnetic simulation is a very powerful tool to calculate the magnetic domain 

configuration and magnetic reversal process in the micron and nanometer scale. However, 

the simulation itself is nothing more than solving for the magnetization, M, as a function 

of position (x,y) with static energy minimum or the dynamic LLG differential equation 

with initial state and boundary conditions. In this section, we discuss the working 

principle of the micromagnetic simulation. 

 

(i) Continuum hypothesis 

  Micromagnetic modeling can be applied to magnetic phenomena over a wide spatial 

scale: from a few nanometers to a few microns. 57, 58 In this size range, there exists both 

short-range interaction such as exchange interaction among magnetic moments, and long-

range interactions like magnetostatic dipole-dipole interaction. The magnetic structure of 

a given material depends on the detailed balance between these interactions. As it is not 

possible to add the magnetostatic and anisotropy term as a perturbation to the exchange 

energy term and use a quantum mechanical solution of this problem, 59 currently the only 
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realistic approach is to ignore the atomic nature of matter, to neglect quantum effects, and 

to use classical physics in a continuum description of a magnetic material. 58, 59 

  Essentially, we assume the magnetization to be a continuous vector field 𝑀 𝑟 , with 𝒓 

the position vector inside the material. Thus we can write: 

                                                                                                         (2.6.1) 

                                                                                                                      (2.6.2) 

where Ms is the saturation magnetization of the material. The basic micromagnetic 

approach is to formulate the energy in terms of a continuous magnetization vector field 

and to minimize this energy in order to determine static magnetic configurations. The 

energy terms are formulated as follows. 

 

(1) Exchange energy 

  To evaluate the exchange term in energy, we use a microscopic model. The exchange 

interaction is essentially short ranged and exists between nearest neighbors. We write for 

the exchange energy of two nearest-neighbor spins as: 

                                                                                                            (2.6.3) 

where J is the exchange integral and Siħ is the spin angular momentum of spin i. We 

assume that the angle θij between spins Si and Sj is very small. Then  

𝑆! ∙ 𝑆! = 𝑆!𝑐𝑜𝑠𝜃!" = 𝑆! 1− !
!
𝜃!"! = 𝑆! 1− !

!
𝑚! −𝑚!

!
                                    (2.6.4) 

 

M r( ) = Ms

m r( )

 
m ⋅ m = 1

 Wij = −2J

S1 ⋅

S2
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where 𝑚!  is the unit vector along −𝑆!  and therefore along the associated magnetic 

moment, and where . In the continuum hypothesis, we assumed that may 

be approximated sufficiently with a continuous function  of position: 

                                                                                                        (2.6.5) 

If 𝑠! is the position vector of spin j with respect to spin i,  

                                                                                                 (2.6.6) 

The excess exchange energy due to the nonparallelism of 𝑆! and 𝑆! is 

                                                                      (2.6.7) 

If there are n spins per unit volume, the density of the excess exchange energy we is: 

                                                                                       (2.6.8) 

where the sum is over nearest neighbors.  

  For cubic crystal, this gives: 

                                                                                                           (2.6.9) 

with  

                                                                                          (2.6.10)
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where a is the length of the edge of the unit cell, and where c=1, 2 and 4 for simple-cubic 

(sc), body-center-cubic (BCC) and face-center cubic (FCC) lattices, respectively.  

For a hexagonal crystal,  

                                                              (2.6.11)
 

with  

,                                                                                                      (2.6.12) 

,                                                                                                        (2.6.13) 

ρj is the projection of sj in the basal plane, and zj is its projection along the hexagonal axis.     

For ideal close packing, as in cobalt, this reduces to 

                                                                                        (2.6.14) 

and a is the distance between nearest neighbors. 

  This is the energy density due to exchange interaction. For a defined magnetic object, 

the exchange energy term is an integrated over the whole body: 

                                                                                                         (2.6.15) 

                                                                                                            (2.6.16) 
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                                                                              (2.6.17) 

and 𝐴 = !!!!
!

                                                                                                              (2.6.18) 

is the exchange-stiffness constant. 

 

(2) Magnetocrystalline anisotropy energy 

  To evaluate the magnetocrystalline anisotropy energy term, we use phenomenological 

methods. We assume a power series in α, β, and γ, use the crystal symmetry to decrease 

the number of coefficients, and truncate the series after the first two nonconstant terms. 

This gives for cubic crystals an anisotropy energy density 

,                                                             (2.6.19) 

where the cubic axes are chosen as coordinate axes. α, β, and γ are the directional cosines 

of vector M with respect to the three principle axes. For hexagonal crystals: 

,                                                                                 (2.6.20) 

where the hexagonal axis is chosen as the z axis. The constants Ki are functions of 

temperature. 

  For a magnetic object with well-defined shape, the magnetocrystalline energy term is an 

integral over the whole body: 

                                                                                                         (2.6.21) 

 ∇
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(3) Magnetostatic energy 

  For the magnetostatic energy term, we consider only the magnetostatic field arising 

from the magnetization distribution itself and not any externally applied field (that is 

calculated in the Zeeman energy term). The magnetostatic or demagnetizing field Hd is 

governed by 60 

                                                                                                                (2.6.22) 

                                                                                           (2.6.23) 

where  

                                                                                                       (2.6.24) 

Since the curl of 𝐻!  is zero, the demagnetizing field can be derived from a scalar 

potential,  

                                                                                                                 (2.6.25) 

substitution of Eqn. (2.6.25) into Eqn. (2.6.23) yields  

                                                                                                              (2.6.26) 

inside the ferromagnetic object. Outside the object, the magnetization M always equals 

zero. The stray field 𝐵 = 𝐻!, so 

                                                                                                                     (2.6.27) 
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  Thus we can solve for the magnetostatic field by solving for the potential using Eqn. 

(2.6.27) subject to boundary conditions required by Maxwell’s equations: the normal 

component of the induction 𝐵  and the tangential component of field 𝐻!  must be 

continuous at the boundary: 

                                                                                                     (2.6.28) 

                                                                                              (2.6.29) 

where 𝑛 is a unit vector pointing outward at every point of the surface. 

  In terms of the scalar potential, the equivalent conditions are 

                                                                                                                    (2.6.30) 

                                                                                              (2.6.31) 

  Thus the surface of a bulk-magnetized body determines the overall response of a 

phenomenon having its origin at the atomic level. Solving the differential equation, we 

can write expression for the potential and demagnetizing field as: 

                                                     (2.6.32) 

                          (2.6.33) 

the magnetostatic energy is given by 
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                                                                                            (2.6.34) 

  From the above equation, we can see that magnetostatic energy expresses a nonlocal 

interaction, because the magnetostatic field functionally depends, through the boundary 

value problem, on the whole magnetization vector field. 

 

(4) Zeeman Energy 

  The Zeeman Energy term can be seen as the potential energy of a continuous magnetic 

moments distribution subject to external field Ha:  

                                                                                              (2.6.35) 

 

(5) The free energy function 

  Now we are able to write the complete expression for the free energy of the 

ferromagnetic body by collecting all the energy terms:             

𝐸!"! = 𝐴 ∇𝑚 ! + 𝑤! −
!
!
𝜇!𝑀 ∙ 𝐻! − 𝜇!𝑀 ∙ 𝐻! 𝑑𝑉!                                         (2.6.36) 
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(ii) Static micromagnetic equilibrium 

  At constant external field and temperature, the equilibrium states (or metastable states) 

are given by the minima of the free energy. Since 𝑴 = 𝑀!  𝒎, the unknown is the 

magnetization unit vector field 𝒎. 

  Here we impose that the first-order variation δEtot vanishes for any variation 𝛿𝒎 of the 

vector field 𝒎, with the constraint  

𝑚 + 𝛿𝑚 = 1                                                                                                           (2.6.37) 

  The derivation of the approach based on standard variational principles can be found in 

Ref. (11). Essentially, setting the first variation of the total energy to zero leads to two 

equations. The first one is a volume equation: 

                                                 (2.6.38) 

  If we define the last term of the above equation as the anisotropy field 𝐻!: 

                                                                                                 (2.6.39) 

then the total effective field can be defined as 

                                                                       (2.6.40) 

Eqn. (2.6.38) can be written as 
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                                                                                                               (2.6.41) 

with the boundary condition on the surface given by: 

                                                                                                           (2.6.42) 

where 𝒏 is the surface outward normal vector. If there is no surface anisotropy, with 

𝑚 = 1, and  

𝑚 ∙ !!
!!
= 0                                                                                                                 (2.6.43) 

we have the Brown’s equation 

                                                                                                                      (2.6.44) 

which allows us to find the equilibrium configuration of the magnetization within the 

body. Equation (2.6.41) states that the torque exerted on the magnetization by the 

effective field must vanish at equilibrium. Thus solving the differential equation with 

boundary condition can give us the static equilibrium magnetization states. However, as 

is shown above, Brown’s equations are nonlinear differential equations, with the effective 

field having a functional dependence on the whole vector field 𝒎(𝒓). The existence of 

exact analytical solutions is hard to find. Thus, in practice, computation is carried out by 

iterations starting from an arbitrary given initial magnetic conditions. The system 

energies of each iteration step are calculated and compared with the presses step to 

determine the evolution direction of the system. This process usually requires a lot of 

memory spaces and calculation time. Therefore, numerical solution of Brown’s equation 
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is usually calculated only for magnetic objects below 100 nm on desktop workstations 

used in labs.  

 

(7) Dynamic problem: the LLG equation 

  Brown’s equation describes the static equilibrium configurations of a magnetized body, 

regardless of how the magnetization reaches its equilibrium during the time.        

However, magnetization reversal is intrinsically a dynamic phenomenon and in order to 

predict magnetization states correctly during and after reversal we should in principle 

take account of the dynamic behavior of the system. Since Victora (1987) first used a 

dynamic approach in studies of longitudinal thins films, 61 most of the dynamic models 

are based on the Landau-Lifshitz Gilbert (LLG) equation. 60 

  From quantum mechanics, there is a proportionality relationship between the magnetic 

spin moment µ and the angular momentum L of the electrons. 

                                                                                                                     (2.6.45) 

where γ=2.21×105 mA-1s-1 is the absolute value of the gyromagnetic ratio 

                                                                                                                    (2.6.46) 

  By applying the momentum theorem one can relate the rate of change of the angular 

momentum to the torque exerted on the particle by the magnetic field 𝐻: 
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                                                                                                                (2.6.47) 

applying this equation to Eqn. (2.6.45): 

                                                                                                            (2.6.48) 

  This can be written for each spin magnetic moment in volume dV: 

                                                                                                         (2.6.49) 

  The magnetic field 𝐻 should be locally spatially uniform. Now taking the volume 

average spin momentum: 

                                                                                    (2.6.50) 

  The magnetization, 𝑀 = !!!

!"
 , we end up with the following continuum gyromagnetic 

precession model: 

                                                                                                        (2.6.51) 

for magnetic moments inside a magnetic object, the field 𝐻 should be equal to the 

effective field 𝐻eff , then the Landau-Lifshitz equation gives: 

                                                                                                     (2.6.52) 
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  Thus, if the magnetization rate of change vanishes, the LL equation expresses the 

equilibrium condition given by Brown’s 1st equation (Equation 2.6.41). In addition, LL 

equation is an integral-partial differential equation. The Neumann boundary condition 

given by the Brown’s 2nd equation (Equation 2.6.44) is used. 

  Nevertheless, dissipative processes take place within dynamic magnetization processes, 

which is still missing from the LL equation. The microscopic nature of this dissipation is 

still not clear and is currently the focus of considerable research. 62 Gilbert (1955) 

introduced an additional torque term, whose components are proportional to the time 

derivative of the generalized coordinates. 63 It gives the Landau-Lifshitz-Gilbert (LLG) 

Equation: 

                                                                             (2.6.53) 

where α>0 is the Gilbert damping constant, depending on the material (typical values are 

in the range between 0.001 to 0.1). We can see that, because the LLG equation is again a 

non-linear differential equation, finding an exact analytical solution is very difficult. In 

practice, people again use discrete numerical methods such as Fast Fourier 

Transformation (FFT) to calculate the solution for the magnetization configuration. 

   In LLG micromagnetic simulator, 64  before any calculations are carried out, the 

magnetic object is first discretized into many small cubes, called cells. The size of the 

cell must be small enough so that the magnetization gradient is small enough within each 

cell so that M can be viewed as uniform. Usually, the cell size should be comparable to 

the exchange length 65 
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                                                                                                              (2.6.54) 

  The exchange length gives an estimation of the characteristic dimension on which the 

exchange interaction is prevalent. For typical magnetic recording materials, it is of the 

order of 5 nm to 10 nm. 

  Here, in Figure 2.18, we showed the effect of cell size on the simulation results: 

 

Figure 2.18. Micromagnetic simulation of 1 µm×1 µm×50 nm Fe ring structure, the remanent 
state and the hysteresis loop. Simulation with 5 nm3 cell size should be most close to real 
situation, while simulations with 10 nm3 and 20 nm3 fail because the cell sizes are too large 
compared with the exchange length of Fe. 

 

  As can be seen in Figure 2.18, as the cell size increase from 5 nm to 20 nm, the 

remanent states and hysteresis loops of the ring have changed from vortex state and 

double-step loop to multi-domain state and single-step loop. This is because the larger 

lex =
2A

µ0Ms
2
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cell size created a rougher edge of the ring and the cell size has reached the limit of the 

exchange-dominated hypothesis. 

  The choice of material parameters such as the saturation magnetization Ms, exchange 

integral J, the magnetocrystalline anisotropy constant K, temperature T and Gilbert 

damping constant α can also affect the results of the simulation. 

  The choice of boundary condition also has an important effect on the simulation, 

especially when you are simulating 1-D long magnetic nano-wire or 2-D continuous 

magnetic thin film. Without setting the correct periodic boundary condition (PBC), the 

simulator views the object as a micron-sized pillar or bar instead of film or wire. Here in 

Figure 2.19, we show the simulation of a continuous 2-D epitaxial Co film with 

perpendicular anisotropy: 

 

Figure 2.19 Micromagnetic simulation of a 2 µm × 2 µm × 20 nm epitaxial Co film with 
perpendicular (z axis) anisotropy, without (left) and with (right) periodic boundary condition. 
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  As we can see in Figure 2.19, without PBC, the object is calculated as a Co post with 

easy axis in the z axis, thus the magnetization is pointing perpendicular in the out-of 

plane direction. With PBC, however, the simulation shows that it breaks into maze-like 

multi-domain state, very similar to those found by MFM in real 2-D thin films. 

  Two kinds of relaxation methods of magnetization are calculated by the LLG simulator. 

The first is the energy path, which is based on Brown’s Equations. In the energy path, the 

simulator calculates the demagnetization field in a point-by-point method, then the 

magnetization direction is relaxed to the effective field direction. After each iteration, the 

local effective field and the total energy of the system is updated. The simulator keeps 

record of the residual torque of the local effective field exerted on M, if it is smaller than 

a preset value, the calculation is automatically stopped there. 

  Another relaxation path is the time path, which is built on solving the LLG equation. 

The relaxation is based on a given fixed time step. During each step, the magnetization of 

each cell is allowed to relax over a small time interval, obeying the LLG equation. The 

total energy of the system is calculated and recorded for this iteration. Then, another step 

of relaxation after the time interval is calculated. This iteration repeats until the 

subsequent changes in the time interval leads to a change in the total energy less than a 

prescribed value. Then, the calculation is stop. The dynamic calculations of the 

demagnetization field usually use the FFT methods, which means the calculation size  

scales up as Nln(N). This is smaller than the point-by-point method, scaling as N2. Thus, 

for micron sized magnetic pattern, the time relaxation method usually gives a much 

quicker result. 
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  The existence of defects also plays a very important role in the micromagnetic 

simulations. Voids (Ms=0) and pinning sites (pinning fields=infinity) usually act as 

nucleation centers during reversal, which greatly decreases the coercive field Hc value. In 

Figure 2.20, we show the simulation result of the hysteresis loop of a continuous Fe film: 

Figure 2.20. Micromagnetic simulation of hysteresis loops of a 2-D continuous Fe film. 

 

  As can be seen in Figure 2.20, in perfect single-crystal Fe film, due to lack of nucleation 

sites, the coercive field is very large, which is not observed in real Fe film samples. 

However, if we introduce a small distribution of easy axis, or 0.2% of voids/pinning sites 

into the system, the coercivity is greatly reduced. 

  The effect of the temperature (thermal motions) can be treated numerically by adding a 

random thermal field to the effective field in the LLG equation. This leads to the 

Langevin equation: 66 
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The random field,  
!
Hthermo , describes the coupling of the magnetic system with a heat bath. 

It accounts for the interaction of the magnetic polarization with the microscopic degrees 

of freedom that causes the fluctuation of the magnetization distribution. In LLG 

micromagnetic solver, a random thermo induced effective field  
!
Hthermoobeying the Gauss 

distribution is assigned to each cell by the simulator during the simulation if the 

simulation temperature is larger than 0 K. 64 

  To sum up this chapter, in order to study the magnetic properties of the thin-film ring 

structures, we use series of fabrication techniques including thin film deposition and 

lithography patterning. Different characterization methods, such as X-ray diffraction 

(XRD), magneto-optical Kerr effect (MOKE) and magnetic force microscopy (MFM) are 

applied to study the magnetic behaviors of these nanoring patterns. Micromagnetic 

simulation is used to model and explain the behaviors observed. 
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Chapter 3 

MAGNETIC PROPERTIES OF FE RING STRUCTURES WITH DIFFERENT 

THICKNESS* 

3.1 Introductions 

  After discussion of the fabrication, characterization and modeling tools, we start the 

systematic investigation of the magnetic properties of the thin film ferromagnetic ring 

structures by studying the evolution of the magnetic properties with its geometric 

parameters: thickness, outer diameter and inner-to-outer diameter ratio. Starting in this 

chapter, we discuss the effect of the thickness variation. 67 

  The evolution of magnetic switching mechanism is investigated for micron-scale 

polycrystalline Fe ring arrays with Fe layer thickness, tFe, varying from 10 nm to 50 nm 

(which shows the evolution of the hysteresis behavior within the reach of 

photolithography). Single-step and double-step switching are observed for the 10 nm and 

50 nm rings, with 30 nm sample showing a transition behavior. As thickness increases, 

the first-step switching field, Hc1, increases, while the second-step switching field, Hc2 

and remanence magnetization, Mr decreases. Magnetic force microscopy imaging and 

micromagnetic simulations reveal that in the reversal process, Hc1 and Hc2 respectively 

corresponds to the switching fields of two distinct halves of the ring (separated equally 

along the field direction). The relative separation between these two fields decides the 

switching behavior of the ring. 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
*	
  The content of this chapter has been published as  
Yu-Feng, Hou and K. M. Krishnan, “Thickness-dependent evolution of magnetization reversal in micron-scale 
polycrystalline Fe rings”, J. Appl. Phys. 111, 033910 (2012).	
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3.2 Fabrication of Dout=2.4 µm Fe ring structures with different thickness 

  A series of Fe ring arrays with outer/inner diameter Din/Dout =0.8 µm/2.4 µm and 

thickness, tFe , varying from 10 nm to 50 nm are fabricated on Si/SiO2 substrate via a 

mask-transfer lithographic process described below.  

  First, Si wafers are cleaned in the cleanroom with a standard three-step RCA cleaning 

process. Then positive-tone photoresist AZ-1512 is spin-coated on the wafer at 3000 rpm. 

The wafers are then prebaked on a hotplate at 110 °C for 90 s. Then the UV exposure is 

carried out on an EVG aligner, with an exposure time of 3.3 seconds. The photo mask is 

provided by Nano Tech User Facility (NTUF) at University of Washington. After 

manually developing the pattern in a mixture of H2O: AZ 300 MIF Developer = 3:1 for 

45 s, the pattern is rinsed in DI water, followed by spin-drying and post-bake at 90 °C for 

one hour. The final resist ring array is shown in Figure 3.1 (a). 

  In order to transfer the resist ring patterns into ferromagnetic thin-film patterns, a mask 

transfer process is carried out in our sputtering lab. 68, 69 First, a 170 nm thick Mo 

sacrificial layer is deposited on top of the AZ-1512 resist ring structures in our ion-beam 

sputtering (IBS) system [Figure 3.1 (b)] with a beam voltage of 500 V. Then, the AZ-

1512 resist is lifted-off in an ultra sonication assisted acetone bath for 3 mins, leaving a 

170 nm Mo thin film with ring-shape holes on a Si wafer [Figure 3.1 (c)]. Then, 

multilayer of Ta (1 nm)/Cu (5 nm)/Fe (tFe nm)/Ta (3 nm), with thickness, tFe , varying 

from 10 nm to 50 nm is then sputtered into these ring-shape holes [Figure 3.1 (d)]. 

Finally, the Mo is chemically etched away in 37% hydrogen peroxide solution at room 
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temperature, leaving magnetic ring structures with the exact same ring shape as the AZ-

1512 resist [Figure 3.1 (e)]. 

Figure 3.1 Schematic fabrication steps of Fe ring structures, the SEM images at the right corner 
shows the sample at the corresponding step: (a) AZ-1512 photoresist ring structure (b) Deposition 
of 170 nm thick Mo sacrificial layer (c) Lift-off of the photoresist, creation of ring shape holes in 
Mo layer (d) Deposition of Ta/Cu/Fe/Ta magnetic thin films (e) Chemical etching away the Mo 
sacrificial layer, completion of the pattern transfer. 

 

  The structures of the final ferromagnetic ring samples are shown in Figure 3.2 (a), the 

bottom Ta (1 nm)/Cu (5 nm) serves as a seed layer 70 and the top Ta (3 nm) is deposited 

as a capping layer to prevent the whole structure from oxidation. The SEM image of the 

ferromagnetic ring array is shown in Figure 3.2(b). The outer/inner diameter of the ring 

structure is fixed at Din/Dout =0.8 µm/2.4 µm, while the thickness of the Fe layer varies 

from 5 nm to 50 nm. The edge-to-edge distance between rings is 3 µm, which minimizes 

of the cross talk between different rings. 71 
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Figure 3.2 Schematic structure of the ferromagnetic ring array on Si wafer (a) and SEM image of 
the sample (b).  

 

3.3 Evolution of magnetic hysteresis behavior in Fe ring structures as size increases 

    M-H hysteresis loops of the polycrystalline Fe rings are measured using a magneto-

optical Kerr effect (MOKE) setup with external field applied in a longitudinal geometry 

at room temperature. To improve the signal-to-noise ratio, each loop is obtained by 

averaging the measured results over 20 times. Hysteresis loops of the 5 nm, [Figure 3.3 

(a)], 10 nm [Figure 3.3(b)], 20 nm [Figure 3.3(c)], 30 nm [Figure 3.3(d)], 40 nm [Figure 

3.3(e)] and 50 nm [Figure 3.3(f)] thick Fe ring samples are chosen to show the 

continuous complete evolution process of hysteresis behavior with thickness. The red and 

blue curves, respectively, represent the descending and the ascending branches of the 

loop. The first order derivative of magnetization with respect to the field, dM/dH, of the 

descending branch (red branch) is also plotted in the inset box at the right bottom corner 

of each figure. As shown in Figure 3.3(a) and 3.3(b), 5 nm and 10 nm thick Fe ring show 

a single-step transition from positive saturation to negative saturation, at the measured 

coercivity of -32 Oe for 5 nm sample and -75 Oe for 10 nm sample. The distribution of 

the switching field is presented by the inset dM/dH curve, which shows one sharp peak at 
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the coercive field, indicating the magnetization reversal is completed in one-step. The 50 

nm Fe ring [Figure 3.3(f)] clearly shows a constricted shape with a two-step transition 

during magnetic reversal and a remanence state with no net magnetization, which is 

typical for the magnetic vortex state. The corresponding dM/dH plot shows two well-

separated peaks. The first switching field Hc1= 96 Oe, corresponds to the switching from 

the positive saturated state to the vortex state. The second switching field Hc2= -262 Oe, 

corresponds to the switching from vortex state to the reversed saturated state in the 

negative direction. In between these two switching steps, the vortex state is stable from -

28 Oe to -152 Oe. The representative behavior between these two limiting cases of 10 nm 

and 50 nm is shown for 20 nm [Figure 3.3(c)], 30 nm [Figure 3.3(d)] and 40 nm ring 

structures [Figure 3.3(e)]. The dM/dH curve of the descending branch show two distinct 

peaks, yet these two peaks partially overlap, which indicates that the second reversal step 

initiates before the completion of the first step, without a stable vortex state formed in 

between. 
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Figure 3.3 M-H hysteresis loops of (a) the 5 nm, (b) 10 nm (c) 20 nm, (d) 30 nm (e) 40 nm (e) 50 
nm thick polycrystalline Fe ring arrays; the first order derivative, dM/dH, of the loop’s 
descending branch (red) is plotted in the inset box located at the right bottom corner of each loop. 

 

  The variation of the remanent magnetization Mr/Ms and the values of the first and 

second switching fields as functions of the thickness for polycrystalline Fe rings are 

summarized in Figure 3.4. The remanence ratio of the ring reduces from 0.88 for 10 nm 

to 0.02 for 50 nm, which shows a transition in magnetic state from the high 

magnetization quasi-uniform state to flux-closure vortex state. The first switching field 

Hc1, which corresponds to the break of the positive saturated state, monotonically 

increases. This indicates that with the increase of thickness, the quasi-uniform state is 

increasingly unstable at remanence. The field-separation between the first and second 

step switching, Hc1-Hc2, is increasing with thickness, which finally leads to the formation 

of the vortex state. 
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Figure 3.4 The remanence magnetization Mr, first-step switching field Hc1, and second step 
switching field Hc2 as a function of the ring thickness. 

 

3.4 Evolution of magnetic states during switching 

  The magnetic reversal process of the Fe rings are further investigated by MFM with the 

magnetic field applied parallel to the sample surface during scanning, and using 45 nm 

CoPt/FePt coated high coercivity probes with a lift height of 30 nm. Figure 3.5 shows 

MFM images of the 10 nm, 30 nm and 50 nm ring samples measured at the nominal 

values of magnetic fields as marked at the top of the images. As no significant difference 

in the magnetization reversal is observed with increasing or decreasing fields, we only 

display the images at different points of the descending branch. Figure 3.5(a) shows the 

MFM images of the 10 nm Fe rings varying from positive to negative saturation, 

corresponding to the descending branch in Figure 3.5(a).  In Figure 3.5(a1), the applied 
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field is +400 Oe, the ring is saturated in the positive direction, and black and white areas 

with dipolar contrast are observed at the edge of the ring along the external field direction, 

indicating the formation of the magnetic poles of opposite polarity in the saturated state. 

Figure 3.5(a2-a5) correspond to the applied field value of +200 Oe, 0 Oe, -200 Oe and –

400 Oe. As the field magnitude decreases, the spins start to relax to the local edge 

direction of the ring, causing the area of the dipolar contrast to shrink in size, as shown in 

Figure 3.5(a2). At the remanent state [Figure 3.5(a3)], the ring still remains in the quasi-

uniform state in the positive direction. It is after the field has changed its direction and 

surpasses Hc1 that the dipolar contrast suddenly switches its direction, and the reversal is 

finished in one step [Figure 3.5(a4)]. At -400 Oe [Figure 3.5(a5)], the ring is saturated in 

the negative direction.  

Figure 3.5 Selected MFM images showing the magnetic reversal process for (a) [(1)-(5)] the 10 
nm thick polycrystalline Fe ring (b) [(6)-(10)] 30 nm thick polycrystalline Fe ring and (c) [(11)-
(15)] 50 nm thick polycrystalline Fe ring. All the MFM images are taken under the applied 
magnetic fields as marked on hysteresis loops in Figure 3.3. 
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  For the 30 nm Fe ring, the ring has the same saturated magnetic domain configuration at 

+400 Oe [Figure 3.5(b6)]. When the magnitude of the field decreases to Hc1, the first step 

of switching is initiated, as areas of black and white contrast are observed on the left half 

of the ring [Figure 3.5(b7)]. However, no obvious contrast is observed on the right half of 

the ring, indicating that the magnetization direction remains in the circumferential 

direction. At remanence, as shown in Figure 3.5(b8), while the magnetization in the right 

half of the ring is retained in its original circumferential direction, the left-half of the ring, 

divided by two domains walls from the right half, starts to show the presence of vortex-

antivortex chains in the form of alternating black-white contrast. This is consistent with 

earlier reports 72 where they are also observed in the transient state from the saturated 

state to the formation of the vortex state. However, on further decreasing the field to -200 

Oe, the vortex is not observed; instead, contrast starts to show on one half (right) of the 

ring [Figure 3.5(b9)], indicating the onset of the second switching step and the reversal of 

the magnetization on the right half of the ring via nucleation. Finally, as the field reached 

-400 Oe, the ring gets saturated in the negative direction [Figure 3.5(b10)]. Thus, Hc1 and 

Hc2 respectively correspond to the reversal of the left half and right half of the ring. 

However, between Hc1 and Hc2, no stable vortex state is observed. 

  For the 50 nm ring, from the saturation state in the positive direction [Figure 3.5(c11)], 

the first switching step takes place on one half (right) of the ring via domain nucleation 

[Figure 3.5(c12)]. After the first step switching is completed, the magnetization direction 

of the right half is reversed to the circumferentially down direction and the ring forms the 

vortex state [Figure 3.5(c13)], as no magnetic contrast is observed. When the external 

field changes direction and reaches -200 Oe, the flux-closure state collapses and the 
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magnetization of the other half (left) of the ring switches via nucleation [Figure 3.5(c14)]; 

when this nucleation is completed, the ring now gets saturated in the negative direction 

[Figure 3.5(c15)]. 

 

3.5 Micromagnetic simulation of the switching process 

  Micromagnetic simulations of the magnetic reversal process of 10 nm, 30 nm and 50 nm 

Fe rings are performed using a Landau-Lifshitz-Gilbert micromagnetic solver. 64 The 

saturation magnetization and the exchange stiffness constant are set at the value of bulk 

Fe: Ms=1714 emu/cm3 and A=12 µerg/cm. The cell size is set to be 5×5×5 nm3. 73 The 

cubic magnetocrystalline anisotropy with randomly distributed easy axes is assigned to 

each of the 5×5×5 nm3 cells of Fe due to the polycrystalline structure of Fe ring layer. 

Figure 3.6 Micromagnetic simulated spin configurations of the 10 nm thick Fe ring in the 
magnetic reversal process (a)–(e), and the corresponding process for the 30 nm Fe ring (f)–(j) and 
50 nm Fe ring (k)–(o). The magnetization direction is indicated by the color wheel or overlaid 
arrows. 
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  In Figure 3.6, the first row shows the simulated magnetization reversal process of the 10 

nm sample, while the second and third row shows the results of the 30 nm and 50 nm 

sample, respectively. In Figure 3.6(a), the 10 nm ring is magnetically saturated in the 

positive direction. As the magnitude of the field decreases, the spins at the edge of the 

ring starts to relax to the edge direction to minimize the stray field, as shown by the red 

and green regions at the edge of the ring in Figure 3.6(b). At the remanence state, the ring 

still remains in the high remanent quasi-uniform state [Figure 3.6(c)]. As the field 

changes direction and surpasses the coercivity, yellow-colored domains magnetized in 

the negative direction start to nucleate and grow [Figure 3.6(d)] and finally, the ring 

saturates in the negative direction [Figure 3.6(e)]. For the 30 nm rings, the initial state of 

the ring is also saturated in the positive direction [Figure 3.6(f)]. As the magnitude of the 

field decreases, domains start to nucleate and grow on only one half (left) of the ring 

[Figure 3.6(g)]. At remanence, the nucleation on the left half of the ring is not completed 

and the left-half ring breaks into multi-domain state; however, the spins on the right half 

of the ring almost remain unchanged. Further decreasing the field, the second step 

nucleation on the other half (right) of the ring starts while the nucleation on the left half is 

complete [Figure 3.6(i)]. When the nucleation on the right half of the ring is also 

completed, the ring is saturated in the negative direction [Figure 3.6(j)]. For the 50 nm 

ring, starting from the same saturated state in the positive direction [Figure 3.6(k)], when 

the field decreases, the first step nucleation occurs on the left half of the ring and breaks it 

into a multi-domain state [Figure 3.6(l)]. When the first step nucleation is completed, the 

magnetic spins on left half of the ring are aligned circumferentially in the negative 

direction, while the spins on the right half are aligned circumferentially in the positive 
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direction and the ring forms a perfect vortex state [Figure 3.6(m)]. As the field decreases 

and reaches Hc2, the second step nucleation starts on the right half ring [Figure 3.6(n)]. 

When the second step nucleation is finished, the ring forms a saturated state in the 

negative direction. 

  To qualitatively interpret the evolution of magnetization reversal process with thickness, 

Hc1 and Hc2 can be viewed as the switching fields for the two separate half-rings during 

the reversal process. As the external field is decreased from positive saturation, the first 

step switching is initiated and the magnetization of one half of the ring via domain 

nucleation (which half is decided by factors like edge roughness, defects etc.) is reversed. 

When the first switching step is finished, the ring will form the vortex state. Further 

decreasing the field will trigger the second step switching, which reverses the 

magnetization of the other half of the ring. When the second step switching is completed, 

the ring will get saturated in the negative direction. As the thickness of the ring, tFe, 

becomes smaller, the separation between the two switching field, Hc1-Hc2, monotonically 

decreases [Figure 3.4], until there is no vortex state formation between these two steps 

(30 nm). For ultra-thin 10 nm samples, Hc1-Hc2 has been reduced to zero and thus only 

one step switching is observed. 

 

3.6 Analytical model to explain the evolution trend as thickness changes   

  In order to interpret the evolution of hysteresis behavior and magnetic states, we 

calculate the energy of forming different magnetic states at remanence. Although 

complex magnetic configurations have been observed in magnetic ring structures at 
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remanent state, such as onion state and twisted state, here in our model, we only consider 

three simple magnetic states: vortex, single domain and axial, as shown in Figure 3.7(a)-

3.7(c). 

 

Figure 3.7 Three simplified remanence states of the ring structure (a) vortex state (b) single 
domain state and (c) axial state. 

 

  In the magnetic vortex state [Figure 3.7(a)], the spins are aligned in plane in the 

azimuthal angle direction. Since there are no magnetic poles formed throughout the ring 

structure, the energy of the vortex state mainly comes from the exchange interaction 

among neighboring spins. In the single domain state [Figure 3.7(b)], all the spins are 

aligned in plane in one direction. For axial state [Figure 3.7(c)], all the spins are also 

aligned in one direction, but now perpendicular to the ring plane. 

  Figure 3.8 show the evolution of energy density as a function of ring thickness for Fe 

rings with different outer diameter values. The energy density of the three different 

remanence states described in Figure 3.7 for ring structure with outer diameter of 100 nm, 

300 nm, 1000 nm, 2400 nm are presented in Figure 3.7(a)-3.7(d). For these four sizes, the 

evolution trends of the three energy density curves are very similar: as thickness 
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increases, the energy density of the vortex state stays constant, the energy density of the 

single domain state monotonically increases while the energy density for the axial state 

monotonically decrease. For Dout=2400 nm sample we discuss in this chapter, the 

magnetic vortex state is the energy minimum in these three states. However, as the 

thickness value increases, the energy difference between the single domain state and the 

vortex state increases. This indicates that in thicker rings, the vortex state is energetically 

more stable compared to their thinner counterparts. This is why as the thickness tFe 

increases, the double-step switching with vortex state at remanence become dominance.  

Figure 3.8 Micromagnetic simulated energy density of the vortex state, single domain state and 
axial state formed at remanence for Fe ring structures of (a) 100 nm (b) 300 nm (c) 1000 nm and 
(d) 2400 nm in diameter. 
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  For the thin tFe=10 nm ring, the micromagnetic simulation results show that the vortex 

state is the energy minimum state, however, in experiments, they show one-step 

hysteresis behavior with high-remanence quasi-saturate state formed at remanence. In 

order to explain this phenomena, we use micromagnetic simulation to calculate the 

energy density change during such a designed process: first Fe ring structures with 

thickness of 10 nm, 30 nm and 50 nm are initially set to be in the magnetic vortex state, 

then an increasing external magnetic field is applied to the ring, force it to saturate into 

the single domain state, and then, the external magnetic field is removed, and let the rings 

relax back to their remanence states. The change in magnetization and energy density of 

the ring are recorded during this process. 

  Figure 3.9 shows the result of the micromagnetic simulation. The first row shows the 

change of magnetization M of the ring in this process, while the second row shows the 

change of energy density, which equals the sum of exchange energy density and 

magnetostatic energy density. The magnetization change [Figures 3.9(a)-3.9(c)] show the 

same result as we observe in experiment: the 10 nm ring relax to the single domain state 

with large magnetization residue, while 50 nm ring relax back to the vortex state with 

zero magnetization. The 30 nm ring shows intermediate property and relaxes half way 

back. 
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Figure 3.9 Micromagnetic simulation shows the change of magnetization M, exchange energy and 
magnetostatic energy when the ring structure initially at vortex state is saturated and relaxes back. 

 

  The energy density terms [Figures 3.9(d)-3.9(f)] show that from the initial vortex state 

to the single-domains state, the rings need to overcome an energy barrier of domain 

nucleation. When it relaxes back from the single domain state to the vortex state, it needs 

to overcome the same energy barrier. The remanence state of the ring is largely 

determined by this nucleation step: if the nucleation is not initiated, the ring remains in 

the single domain state; if the nucleation is completed, the ring forms the vortex state; If 

the nucleation is half-way done, the ring forms an intermediate state. This exactly 

coincide with the MFM images we observed in Figure 3.5.  

  Since the energy difference between the single domain state and vortex state is 

thickness-dependent: the thicker ring has higher single-domain state energy density, thus 

has smaller energy barrier to overcome during domain nucleation from single-domain 
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state to vortex state. As the external field magnitude decrease, the single domain state 

collapses first in the thicker ring sample. The domain nucleation starts at a relative large 

field and is able to complete as the external field decreases to zero, as in the 50 nm thick 

ring sample. For thinner ring, the energy difference between single domain state and 

vortex state is not that large, thus the nucleation is blocked by the nucleation energy 

barrier (which is determined by the increase in exchange energy and domain wall energy 

during nucleation) and does not start even when the external field decreased to zero, the 

ring still remains in the single domain state, as we observe on the tFe=10 nm ring sample. 

In ring structures with thickness values between these two cases, the remanence state of 

the ring shows some intermediate property, as we observe on 30 nm thick ring sample. 

This is the reason why the thin 10 nm ring shows single-step switching with single 

domain remanent state. As thickness increases, the hysteresis behavior of the ring evolves 

to double-step switching with vortex state at remanence.  

 

3.7 Conclusion 

  We investigate the evolution of magnetic properties of the Dout=2.4 µm ring structures 

as the thickness of the ring, tFe, changes. We observe that as the thickness of the ring 

increases, the magnetic hysteresis behavior of the ring evolves from single-step to 

double-step, and the remanence state of the ring evolves from single domain state to 

vortex state. This is explained by the increasing energy difference between vortex state 

and single domain state as thickness increases. 
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Chapter 4  

EFFECT OF LATERAL SIZE (Dout) ON THE MAGNETIC PROPERTIES OF THE 

RING STRUCTURES † 

4.1 Introductions 

  In the previous chapter, the effect of the thickness on the magnetic properties of the Fe 

ring structure is discussed. Another very important geometric parameter that can affect 

the magnetic properties of the ring structure is the outer diameter or lateral size of the 

ring. As the size of the ring decreases from micron to nanometer, the originally dominant 

long-range magnetostatic interaction will gradually be overtaken by the short-range 

exchange interaction, which will lead to changes in the magnetic configurations of the 

ring structure. 74 This is because as the size decreases, the curvature of the ring will 

increase, resulting in larger angle between neighboring spins and thus higher exchange 

energy. 75 This indicates that the energetically stable state of the ring structures slowly 

evolves into the single domain state as the size of the ring decreases. This collapse of the 

vortex state has been experimentally observed in lithographically fabricated Permalloy 

disks in the sub 100 nm size range. 76 However, due to the removal of the high-energy 

vortex core, the vortex state in a magnetic ring structure is much more stable than the 

vortex state in a disk. Although theoretical calculations predict that the vortex state of the 

ring structure will collapse and evolve to single-domain state below 15 nm, 77, 78 this 

transition, however, has never been experimentally observed. So far, the smallest ring 
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  The content of this chapter has been summarized and written ito manuscript for later publication: 
Y.-F. Hou and K. M. Krishnan, “Size-dependent magnetic switching and vortex state stability in Fe nanorings”, 
(manuscript in preparation).	
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structure ever patterned by lithographic methods is 100 nm, 79 and yet the vortex state is 

still stable in that size. 79 

  In this chapter, we observe the opposite trend, that is, for Fe ring structure in the 

mesoscopic size range, as size decreases, the ramanent state evolves from quasi-saturated 

single domain state to vortex state, and the stability of the vortex state is increasing. This 

abnormal behavior is explained by the evolution of energy difference between vortex 

state and single domains state with ring size. 

  

4.2 Fabrication of Fe ring structures with different size 

  A series of Fe ring arrays with fixed inner-to-outer diameter ratio Din/Dout=1/3, outer 

diameter Dout varying between 300 nm and 2.4 µm, thickness tFe=10 nm, are patterned on 

SiO2/Si substrates by electron beam lithography using a FEI XL-30 scanning electron 

microscope (SEM). To align the pattern with the laser spot manually in the subsequent 

magneto-optical Kerr effect (MOKE) measurement, each array of rings of a certain 

specific size covers an area of 500 µm2.  



	
   75	
  

Figure 4.1 Scanning electron micrographs of arrays of Fe rings with fixed inner-to-outer diameter 
ratio Din/Dout=1/3 and outer diameter of (a) 2.4 µm, (b) 1.5 µm, (c) 1 µm, (d) 750 nm, (e) 500 nm, 
and (f) 300 nm. For ease of comparison in size, the magnification is fixed at ×9000 and a 1µm 
scale bar is include at the bottom right corner of each image. 

 

  Magnetic multilayers composed of Ta (1 nm)/Fe (10 nm)/Ta (2 nm) are sputtered onto 

the pre-patterned resist layer at room temperature in an ion beam sputtering chamber at 

0.1 mTorr with a base pressure of 10-8 torr. After deposition, the lift-off procedure is 

carried out by submerging the sample in acetone, followed by ultrasonic bath. Then the 

samples are examined under SEM. Figure 4.1(a)-(f) show the SEM images of Fe ring 

arrays with outer diameter Dout=2.4 µm, 1.5 µm, 1 µm, 750 nm, 500nm and 300 nm, 

respectively. For ease of comparison in size, the magnification is fixed at ×9000 and a 

1µm scale bar is include at the bottom right corner of each image. To minimize the cross 

talk between the rings, the edge-to-edge distance is kept the same as the ring diameter.80  
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4.3 M-H hysteresis loops of Fe ring structures with different sizes 

 The collective magnetic hysteresis behaviors of ring arrays are characterized by 

magneto-optical Kerr effect (MOKE). The MOKE is set up in the longitudinal mode to 

detect the magnetization component along the field direction in the optical plane of 

incidence. M-H hysteresis loops of the ring arrays with varying diameter are shown in 

Figure 4.2(a)-(f), respectively. The red and blue colors in the hysteresis loops correspond 

to the descending and ascending branches of the curves. In order to show the switching 

field distribution of the ring arrays, the first order derivative of the magnetization with 

respect to external field, dM/dH of the descending branches (red) are plotted at the right 

bottom corners of each loop. Hysteresis loops along different directions of the sample are 

also measured and no differences is observed, which indicates that the intrinsic 

magnetocrystalline anisotropy of Fe and the dipolar interactions among the 

polycrystalline Fe rings are negligible. 
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Figure 4.2 M-H hysteresis loops of lithographically patterned Fe ring arrays with different sizes 
(a) 2.4 µm, (b) 1.5 µm, (c) 1 µm, (d) 750 nm (e) 500 nm, and (f) 300 nm. The first order 
derivative, dM/dH, of the descending branches (red) are plotted in the inset box located at the 
right bottom corner of each loop. TFe=10 nm for all samples. 

 

  Figure 4.2(a)-(f) shows the complete evolution of magnetic hysteresis behavior with 

decreasing ring size. In Figure 4.2(a), the 2.4 µm ring shows a one-step hysteresis loop, 

the corresponding dM/dH plot has a single peak at the switching field Hc= -75 Oe. As the 

size of the ring decreases to 1.5 µm [Figure 4.2(b)] and 1 µm [Figure 4.2(c)], while the 

first switching slightly increases to -70 Oe, a distinct second peak in the dM/dH plot starts 

to appear on the left side of the first peak, which creates a small kink in the hysteresis 

loop during switching. The existence of the second switching field indicates that the 

switching had two independent steps. Although the separation between Hc1 and Hc2 

increases as the ring size decreases from 1.5 µm to 1 µm, the two switching fields are still 

partially overlapping. On further decreasing the size of the ring to 750 nm [Figure 4.2(d)], 

500 nm [Figure 4.2(e)], and 300 nm [Figure 4.2(f)], the separation between the first and 
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second switching fields, 𝐻!! − 𝐻!! , increases even further so that they became fully 

separated on the dM/dH curve. Between the two switching fields, in the kinked region of 

the hysteresis loop, the stable magnetic vortex state is observed. 81 As ring size decreases, 

the field range of the kink in hysteresis loop also increases, indicating that the stability of 

the vortex state is also increasing. 

  The evolution of the two switching fields, Hc1 and Hc2 is summarized in Figure 4.3. The 

experimentally measured data are plotted as scattered points while the micromagnetic 

simulation 64 results are plotted as continuous lines. The first-switching-filed Hc1, which 

corresponds to the nucleation field of the saturated state in the positive direction, 

decreases slightly in magnitude with decreasing ring size.  However, the second-

switching-field Hc2, which corresponds to the collapse of the intermediate vortex state, 

increases monotonically in magnitude as the ring size decreases. Compared with Hc1, the 

changing magnitude of Hc2 is almost 7 times larger, indicating that the collapsing field of 

the vortex state is more sensitive to the size change. It also shows that the stability of the 

magnetic vortex state in smaller rings is much higher so that a large external field (Hc2) is 

needed to destroy it.  
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Figure 4.3 Summary of the first switching field Hc1 and second switching field Hc2, as a function 
of the ring size. The scattered points are measured from the EBL samples while the curve is 
calculated by micromagnetic simulation. 

 

4.4 Magnetic domain configurations of Fe ring structures of different sizes during 

switching 

The magnetic domain configurations of the ring structures during switching are 

investigated by magnetic force microscopy (MFM). Images of the rings are taken on an 

Asylum Research MFP-3D SA scanning probe microscope with a variable field module 

(VFM) sample stage that can apply an in-plane DC field to the sample during imaging. 

To avoid artifacts from the high external fields applied during scanning, commercial high 

coercivity MFM probes with 45 nm CoPt/FePt coating is used. To minimize the effects 
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from the stray field of the tip, the sample-tip distance is kept at 80 nm while imaging. The 

images are obtained by scanning in the vibrating-lift mode, detecting the phase shift of 

the tip caused by magnetic interactions. Figure 4.4 shows selected domain images of the 

rings along the descending branches of the hysteresis curves for typical one-step 

switching process (Dout=2.4 µm) [Figure 4.4(a)] and double-step switching (Dout =300 

nm) [Figure 4.4(b)]. 

Figure 4.4 Selected MFM images of the Fe rings during switching for (a) single-step switching 
(b) double-step switching along the descending branch of the hysteresis loop. Micromagnetic 
simulation images of the corresponding states are shown below the MFM images. 

 

  As shown in Figure 4.4(c), when the external applied field is +400 Oe, the 2.4 µm ring 

is in the magnetic saturated state with its spins aligned to the positive direction. In the 

MFM image, alternating black and white contrast can be observed at the ring edge along 

the field direction, indicating the formation of magnetic “poles” in those regions. As the 
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magnitude of the applied field decreases to zero, [Figure 4.4(d)], the magnetization of the 

2.4 µm is still in the positive direction in saturated state; while most of its spins still point 

in the positive direction, spins near the edge of the ring start to relax. Further reversing 

the field in the negative direction leads to a single-step switching at the coercivity field 

[Figure 4.4(e)]. Domains with black or white contrast can be seen all over the ring 

surface, showing that the ring is in multi-domain state during reversal. As the field further 

decreases to -400 Oe [Figure 4.4(f)], the switching is completed and the ring forms a 

reversed saturated state in the negative direction. Figure 4.4(c)-4.4(f) show that for large 

rings with single-step switching, the ring remains in the saturated state at remanence and 

reverses via one-step domain nucleation and growth. 

  For 300 nm rings, as shown in Figure 4.4(g), at +800 Oe, the ring is positively 

saturated with the spins aligned in the field direction. As the field decreases to 0 Oe, the 

MFM image shows that the ring at first keeps its magnetic contrast in the positive 

direction. However, during the scanning the magnetic contrast of the ring suddenly 

disappears [Figure 4.4(h)], which indicates that the magnetic state of the ring switches 

from the saturated state to a flux-closure magnetic vortex state during scanning with no 

intermediate metastable state observed. Further decreasing the field to -142 Oe [Figure 

4.4(h)], the vortex state is still stable. As the field increases in the negative direction to -

750 Oe, the vortex state collapses and the saturated state in the reverse direction is 

observed [Figure 4.4(i)]. Figures 4.4(g)-4.4(i) show that for small rings with double-step 

switching, the ring forms vortex state near remanence between the two steps. The major 

difference between the two switching modes is whether the ring forms a vortex or a 

quasi-saturated state during switching. 
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4.5 An energy-based analytical model given by micromagnetic simulations 

  To explain the evolution from a single-step to double-step switching as the ring size 

decreases, micromagnetic simulations via using the LLG micromagnetic simulator 错误! 未定

义书签。 are used to calculate the energy densities of different remanence states. Bulk values 

of the saturation magnetization (Ms=1714 emu/cm3) and the exchange stiffness constant 

(A=2.1 µerg/cm) of the Fe layer 82 are used in the simulation and the cell size fixed at 5 

nm3.  

  As shown in Figure 3.7(a)-(c), three typical remanence states are included: (a) vortex 

state, in which all the spins point in the circumferential direction of the ring (b) single 

domain state, in which all the spins are aligned to one direction in the ring plane (c) axial 

state, in which all the spins are aligned in a direction perpendicular to the ring plane. For 

ring structures with fixed inner-to-outer diameter ratio Din/Dout=1/3 and thickness tFe=10 

nm, Figure 4.5 shows the evolution of the energy density as a function of the ring outer 

diameter. Starting from Dout=3 µm, among the three remanence states, the energy density 

of the vortex state is the lowest, then the single domain state and finally, the axial state. 

As the diameter of the ring decreases from 3 µm, the energy density of the vortex state 

and single domain state both increase, while the energy density of the axial state 

decreases. However, from the plot, the rate of increase for the single domain state is 

faster than that of the vortex state, which leads to an increasing energy gap between these 

two states as the size is decreased. Moreover, the vortex state becomes energetically more 

and more favorable compared to the single domain state in smaller ring structures. As a 

result, smaller rings form stable vortex states during the double step switching and the 
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stability of the vortex state increases with decreasing size of the rings. Also, the plots 

indicates that the energy density of the vortex state finally catch up to that of the single 

domain state if the size of the ring is to decrease below 20 nm; a critical size where those 

two energy curves intersect. The energy density of the axial state also decreases with size 

and intersects the single domain state at 13.5 nm. Thus, for Dout  < 20 nm, the magnetic 

states of the ring theoretically will evolve from vortex state to saturated state, and finally, 

for Dout < 13.5 nm, to the axial state. 

Figure 4.5 Variation of energy density of three different remanence states with respect to the 
outer diameter of the ring at tFe=10 nm. 

  

4.6 Conclusion 

  In conclusion, for lithographically patterned Fe ring array, we observe an evolution of 

hysteresis behavior from single-step switching to double-step switching as the size 

decreases from 2.4 µm to 300 nm. MFM images show that the major difference between 

these two switching modes is the formation of a vortex state during the switching process 

for double-step switching but not for the single-step switching. The reason for this 

evolution is investigated by micromagnetic simulation and successfully explained by the 
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increasing energy density difference between the single domain state and the vortex state 

as the size of the ring decreases. 

Chapter 5  

EFFECT OF WIDTH (Din/Dout) ON THE MAGNETIC PROPERTIES OF THE RING 

STRUCTURES ‡ 

5.1 Introductions 

  In Chapter 3 and Chapter 4, the effects of ring thickness and size on the magnetic 

properties of lithographically patterned Fe ring structures are discussed. The last 

geometric parameter that defines the shape of a ring is the ring width, or inner-to-outer 

diameter ratio, Din/Dout. As the inner-to-outer diameter ratio of the ring increases, the 

shape of the ring becomes narrower. The magnetic properties of the ring evolves from 

disk-like (Din/Dout→0), where the magnetic reversal is dominated by domain nucleation 

and growth, to line-like (Din/Dout→0), where the domain wall propagation plays an 

important role. 83, 84, 85 

  In this chapter, we investigate the evolution of the magnetic reversal behavior of 

lithographically patterned Fe ring as inner-to-outer diameter ratio, Din/Dout, changes. The 

hysteresis loop evolves from double-step to single-step with the decrease of Din/Dout (ring 

becomes wider). Magnetic domain configurations of the narrow ring and wide ring are 

characterized by magnetic force microscopy (MFM) and simulated by LLG 

micromagnetic solver. 64 The evolution trend of the hysteresis behavior and remanence 
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state is explained by calculating the energy density difference between vortex state and 

single-domain state as Din/Dout decreases. 

5.2 Fabrication of Fe ring structures with different width 

  A series of Fe ring arrays with fixed outer diameter Dout=2.4 µm, thickness tFe=10 nm, 

inner-to-outer diameter ratio, Din/Dout varying from 11/12 to 1/12 are fabricated on 

Si/SiO2 substrates by a top-down technique combining electron beam lithography and 

subsequent deposition and lift-off process. The ring arrays are patterned using a FEI XL-

30 scanning electron microscope (SEM) operated at 30keV beam energy on a 100 nm 

thick poly-methyl methacrylate (PMMA) resist. To manually align the pattern with the 

laser spot of the succeeding magneto-optical Kerr effect (MOKE) measurement, each 

ring array of a specific Din/Dout value covers a square area of 500 µm2. Then, multilayers 

of Fe (10 nm)/Ta (2 nm) are deposited onto the pre-patterned resist layer at room 

temperature in an ion beam sputtering chamber at 0.1 mTorr with a base pressure of 10-8 

torr. After deposition, the lift-off is carried out by submerging the sample in acetone for 

24 hours, followed by 10 s ultrasonic bath. Figure 5.1 shows the SEM images of Fe ring 

arrays with outer diameter Dout=2.4 µm, inner-to-outer ratio Din/Dout varying from 11/12 

[Figure 5.1(a)], to 8/12 [Figure 5.1(b)], 4/12[Figure 5.1(c)], and 1/12 [Figure 5.1(d)]. To 

minimize the cross talk between neighboring rings, the edge-to-edge distance is kept the 

same as the ring diameter.  



	
   86	
  

Figure 5.1 Scanning electron microscopy images of Fe ring arrays with fixed outer diameter 
Dout=2.4 µm, thickness tFe=10 nm and inner-to-outer diameter ratio Din/Dout of (a) 11/12, (b) 8/12, 
(c) 4/12, and (d) 1/12. 
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5.3 M-H hysteresis loops of Fe ring structures with different width 

  The collective magnetic switching behavior of Fe ring arrays is characterized at room 

temperature by MOKE in a longitudinal geometry. For some of our narrow ring arrays, 

the sample/surface ratio is very low. To improve the signal-to-noise ratio of the MOKE 

measurement, each hysteresis loop is obtained by averaging the measured results over 20 

times. The hysteresis loops of Dout=2.4 µm Fe ring arrays with inner-to-outer diameter 

ratio Din/Dout varying from 11/12 to 1/12 are shown in Figure 5.2. The red and blue colors 

represent the descending and ascending branches of the loop, respectively. The first order 

derivative of the magnetization, dM/dH, of the descending branch (red) is plotted at the 

right-bottom corner of each loop.  



	
   88	
  

Figure 5.2 M-H hysteresis loops of Fe ring arrays with different inner-to-outer diameter ratio 
Din/Dout of (a) 11/12, (b) 8/12, (c) 4/12, and (d) 1/12. The first order derivative, dM/dH of the 
descending branch (red) of the hysteresis loops are plotted at the right bottom corner of the curves. 

   

  The narrow ring with Din/Dout=11/12 [Figure 5.2(a)] shows a two-step hysteresis loop 

with 2 well-separated switching fields Hc1= -115 Oe, and Hc2= -300 Oe. In between these 

two switching fields, the hysteresis loop has a kink region in which the magnetization 

changes little with external field. For ring array with Din/Dout=8/12 [Figure 5.2(b)], the 

dM/dH curve also shows two distinct peaks at Hc1 = -102 Oe, and Hc2= -192 Oe. 

However, the distance between these two switching fields, 𝐻!! − 𝐻!! , is decreasing 

with decreasing Din/Dout ratio. As Din/Dout decreases to 4/12 [Figure 5.2(c)], on the 
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dM/dH curve, the two switching fields merge into one single peak at Hc= -75 Oe, and the 

hysteresis loop now becomes single-step. The widest ring sample with Din/Dout=1/12 

[Figure 5.2(d)], the dM/dH curve shows it remains in the single-step switching, with its 

coercive field further decrease in magnitude, Hc=-64 Oe. The evolution of the switching 

fields with Din/Dout ratio is summarized in Figure 5.3. Both Hc1 and Hc2 monotonically 

decrease with Din/Dout ratio. However, the decreasing rate of the second switching field, 

Hc2, is much faster than the first switching field, Hc1. Therefore, the distance between the 

two switching fields, 𝐻!! − 𝐻!! , increases with Din/Dout. Since we don’t have the 

sample with Din/Dout=5/12, 6/12 and 7/12, the only conclusion we can draw from the data 

is that Hc1 and Hc2 separate somewhere between Din/Dout=4/12 and Din/Dout=8/12. As Hc1 

and Hc2 separate when the ring narrows down from Din/Dout=4/12 to Din/Dout=8/12, the 

hysteresis loop evolves from single-step to double-step.  
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Figure 5.3 Summary of the first switching field Hc1, the second switching field Hc2 as a function 
of inner-to-outer diameter ratio of the ring Din/Dout ratio. Hc1 and Hc2 separate somewhere between 
Din/Dout =4/12 and Din/Dout =8/12. 

 

5.4 Magnetic domain configurations of Fe rings of different width during switching 

  The magnetic domain configurations of the Fe rings with different Din/Dout ratios during 

magnetic switching process are investigated by magnetic force microscopy (MFM). 

While scanning, a DC magnetic field is applied parallel to the sample surface by the 

variable field module (VFM) sample stage. Commercial Olympus high coercivity probes 

coated with 45 nm CoPt/FePt are used to detect magnetic signals from the sample surface 

at a lift-height of 30 nm. 86 Figures 5.4(b1)-5.4(b11) show the MFM images of narrow 

Din/Dout=11/12 Fe rings measured at the nominal values of magnetic fields as marked in 
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Figure 5.4(a). In Figure 5.4(b1), the ring is magnetically saturated in the positive 

direction, as black and white contrast at opposite sides of the ring originating from the 

two domain walls can be observed along the field direction. Alternating contrast also can 

be observed at the inner and outer edge of the ring, which is caused by the alignment of 

the spins to the field direction at full saturation. As the field magnitude decrease, the ring 

retains its domain configuration until remanence [Figure 5.4(b2)]. However, the magnetic 

contrast at the edge area of the ring gradually disappears because spins relax parallel to 

the edge due to the large shape anisotropy. Nevertheless, the two domain walls are still in 

their original positions. Further decreasing the external field and reverse its direction to -

100 Oe, as shown in Figure 5.4(b3), while the domain wall at the bottom disappears, near 

the top of the ring there exist a complex multi-domain region with alternating black and 

white contrast. Although our MFM does not have the time resolution (8 min 30 s per 

frame) to show what happens between Figure 5.4 (b2) and 5.4(b3), judging from the 

position, it is reasonable to assume that the bottom domain wall moves upwards along the 

ring and annihilates with the top domain wall [Figure 5.4(b3)]. Further decreasing the 

field to -200 Oe, all the magnetic contrasts on the ring structure disappear, indicating the 

ring forms the vortex state [Figure 5.4(b4)]. As the field decreases to -400 Oe, as shown 

in Figure 5.4(b5), magnetic contrasts reappears on the ring structure with opposite 

direction, which indicates that the magnetization of the ring is reversed. At -600 Oe, the 

ring is saturated in the negative direction [Figure 5.4(b6)].  
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Figure 5.4 Selected MFM images showing the magnetic reversal process for Fe rings with 
Dout=2.4 m, tFe=10 nm, Din/Dout=11/12. 

 

  The ascending branch [Figures 5.4(b6)-5.4(b11)] shows similar switching process of the 

ring. Starting from negative saturation [Figure 5.4(b6)], as the field decreases magnitude 

in the negative direction, the ring remains its domain configuration at remanence [Figure 

5.4(b7)]. At +100 Oe, the top domain wall disappears and a multi-domain region is 

observed the ring bottom [Figure 5.4(b8)]. After its annihilation, the ring forms the vortex 

state [Figure 5.4(b9)]. As the field reaches +400 Oe, the magnetization direction of the 

ring is reversed into the positive direction [Figure 5.4(b10)]. Finally at +800 Oe, the ring 

is saturated in the positive direction again [Figure 5.4(b11)]. The magnetic reversal of the 

narrow Fe ring is first dominated by propagation and annihilation of the domain walls to 

form the vortex state, and then vortex state collapses to form the reversed saturated state. 
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  For wide Fe ring with Din/Dout=1/12, Figure 5.5 shows its magnetic domain 

configurations during magnetic switching process. At +800 Oe, as shown in Figure 

5.5(b1), the ring is saturated in the positive direction, a black and a white area with 

dipolar contrast are observed at the edge of the ring along the field direction, indicating 

the formation of magnetic poles in a saturated single domain state. As the field decreases 

to +200 Oe, the areas of the dipolar contrast gradually shrink in size, which indicates the 

spins partially relax compared to the saturation state [Figure 5.5(b2)]. At remanence, as 

shown in Figure 5.5(b3), although the dipolar contrast still remains in the original 

positive direction, magnetic black and white contrast can also been observed on the ring 

structure, indicating the start of domain nucleation. At coercive field [Figure 5.5(b4)], the 

ring breaks into multi-domain state, as multiple magnetic contrasts are observed all over 

the ring surface. As the field decreases to -200 Oe, the magnetic contrast on the ring 

reverses its direction [Figure 5.5(b5)], which means the magnetization direction of the 

ring is reversed. At -800 Oe, the ring is saturated in the negative direction [Figure 

5.5(b6)].  
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Figure 5.5 Selected MFM images showing the magnetic reversal process for Fe rings with 
Dout=2.4 m, tFe=10 nm, Din/Dout=1/12. 

 

  For the ascending branch, the wide ring shows the same switching behavior. Starting 

from negative saturation [Figure 5.5(b6)], as the field increases to -200 Oe, the ring 

remains its domain configuration with reduced contrast area [Figure 5.5(b7)]. At 

remanence [Figure 5.5(b8)], although the magnetization remains in the negative direction, 

domain nucleation is observed on the ring structure. At the coercive field in the positive 

direction [Figure 5.5(b9)], the ring breaks into multi domain state during domain 

nucleation process. At +200 Oe, the magnetic contrast of the ring reverses into the 

positive direction [Figure 5.5(b10)]. When the field comes back to +800 Oe, the ring is 

saturated in positive direction again [Figure 5.5(b11)]. Therefore, the magnetic reversal 
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process of the wide Fe is dominated by one-step domain nucleation and growth, with no 

intermediate vortex state formed. 

 

5.5 Micromagnetic simulation of the switching process 

  Micromagnetic simulations of the magnetic reversal process of the narrow 

Din/Dout=10/12 ring and wide Din/Dout=1/12 rings are performed using a Landau-Lifshitz-

Gilbert micromagnetic solver. 64 The saturation magnetization and the exchange stiffness 

constant are set at the value of bulk Fe: Ms=1714 emu/cm3 and A=12 uerg/cm. The cell 

size is set to be 5×5×5 nm3. 87 Figures 5.6(a)-5.6(d) show the domain configurations of 

narrow Din/Dout=11/12 Fe ring. At positive saturation [Figure 5.6(a)], a head-to-head 

domain wall is observed at the top of the ring, while a tail-to-tail domain wall is observed 

at the bottom of the ring. As the field magnitude decreases, the tail-to-tail domain wall at 

the ring bottom moves up and annihilates with the top head-to-head domain wall [Figure 

5.6(b)]. After the annihilation, the ring forms a vortex state [Figure 5.6(c)]. Further 

decreasing the field leads to the collapse of the vortex state, and the narrow ring forms 

the saturated state in the negative direction [Figure 5.6(d)]. The magnetization reversal 

process of the wide Din/Dout=1/12 Fe ring is shown in Figures 5.6(e)-5.6(h). At positive 

saturation, the spins are aligned to the field direction to from the saturated single domain 

state [Figure 5.6(e)]. As the field decreases to zero, although the net magnetization of the 

ring is still in the positive direction, domain nucleation process starts, as red and green 

color domains can be observed to nucleate on the ring [Figure 5.6(f)]. At coercive field 
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[Figure 5.6(g)], the Fe ring breaks into multi-domain state. After this nucleation step, the 

Fe is saturated in the negative direction [Figure 5.6(h)].  

 

Figure 5.6 Micromagnetic simulated domain configurations of the Din/Dout=11/12 and 
Din/Dout=1/12 Fe ring in the magnetic reversal process. The in-plane magnetization 
direction is indicated by the color wheel or overlaid arrows. 

 

5.6 Analytical model to explain the evolution trend as Din/Dout changes   

  To explain the evolution from double-step to single-step switching as the Din/Dout 

decreases (as ring widens up), micromagnetic simulations are used to calculate the energy 

densities of different magnetic remanence states for Fe ring with Dout=2400 nm, tFe=10 

nm, while Din/Dout increases from 1/12 to 11/12. The evolution of the energy density with 

Din/Dout ratio is plotted in Figure 5.7. 
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Figure 5.7 Micromagnetic simulated energy density of the vortex state, single domain state and 
axial state formed at remanence for Fe ring structures of (a) 100 nm (b) 300 nm (c) 1000 nm and 
(d) 2400 nm in diameter. 

 

  As Figure 5.7(a) shows, with the increase of the Din/Dout ratio, the energy density of the 

vortex state slightly decreases, while the energy density of the single domain state 

increases and the energy density of the axial state decreases. Since the energy density of 

the axial state is much higher than the single domain state and the vortex state, a more 

detailed plot of the energy density of the single domain state and vortex state is shown in 

Figure 5.7(b). Although the energy density of the vortex state is smaller than single 

domain state, as the Din/Dout ratio increases (ring narrows down), the energy gap between 

the single domain state and vortex state increases. This is why in narrow rings with larger 

Din/Dout ratio, the vortex state is energetically more stable and the magnetic reversal 

prefers double-step switching. 
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5.7 Conclusion 

  We investigate the evolution of magnetic properties of the Dout=2.4 µm, tFe=10 nm Fe 

ring structures as the inner-to-outer diameter ratio, Din/Dout, changes. We observe that 

with the Din/Dout ratio of the ring decreasing, the magnetic hysteresis behavior of the ring 

evolves from double-step with vortex state in-between to single-step. This is explained by 

the increasing energy difference between vortex state and single domain state as Din/Dout 

ratio increases. 

 

5.8 Summary of the effect of geometry (Dout, tFe/Dout and Din/Dout) on the magnetic 

properties of Fe rings 

  After discussing the effect of the thickness (Chapter 3), size (Chapter 4) and width 

(Chapter 5) on the magnetic behaviors of the lithographically patterned Fe rings, we want 

to summarize how these 3 geometric parameters in this section of the thesis. As the 

thickness tFe increase, or the outer diameter Dout decrease, or inner-to-outer diameter ratio 

Din/Dout increase, the M-H hysteresis loop of the Fe ring evolve from single-step to 

double-step, with the remanent magnetic state evolving from quasi-saturated state to 

vortex state. All these evolution in hysteresis behavior and remanent state can be 

explained by comparing the energy density of three typical magnetic remanence state as 

shown in Figure 3.7: (1) vortex state (2) single-domain state and (3) axial state. Here, we 

again use micromagnetic simulation to reveal how the energy density of these 3 states 

evolve with the 3 geometric parameters (Dout, tFe/Dout and Din/Dout), as shown in Figure 

5.8: 
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Figure 5.8 Three geometric parameters that determine the energy density (E/V) of a magnetic 
state in the lithographically patterned Fe rings: the size (Dout), aspect ratio (tFe/Dout) and width 
(Din/Dout). 

 

  The energy density of the vortex state is dependent on the ring size Dout and width 

(Din/Dout), but independent of the aspect ratio (tFe/Dout), as shown in Figure 5.9. In Figure 

5.9(a), the energy density of the vortex state monotonically decreases with Din/Dout. Figure 

5.9(b) shows the energy density of the vortex state also decreases with the ring size (Dout). 
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Figure 5.9 (a) Energy density of the vortex state as a function of the Din/Dout ratio. The arrow 
points to the direction that Dout increases. (b) Energy density of the vortex state as a function of 
the Dout. The arrow points to the direction that Din/Dout increases. 

 

  The energy density of the single-domain state and axial state is dependent on the aspect 

ratio (tFe/Dout) and inner-to-outer diameter ratio (Din/Dout) of the ring, but independent of 

ring size (Dout). As shown in Figure 5.10, the energy density of the single domain state 

increases monotonically with Din/Dout [Figure 5.10(a)] and tFe/Dout [Figure 5.10(b)]. 

Figure 5.10 (a) Energy density of the single-domain state as a function of the Din/Dout ratio. The 
arrow points to the direction that tFe/Dout increases. (b) Energy density of the single-domain state 
as a function of the tFe/Dout. The arrow points to the direction that Din/Dout increases. 
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  The energy density of the axial state, however, shows the opposite trend as the single-

domain state. As shown in Figure 5.11, the energy density of the axial state decreases 

monotonically with Din/Dout [Figure 5.11(a)] and tFe/Dout [Figure 5.11(b)]. 

 
Figure 5.11 (a) Energy density of the axial state as a function of the Din/Dout ratio. The arrow 
points to the direction that tFe/Dout increases. (b) Energy density of the axial state as a function of 
the tFe/Dout. The arrow points to the direction that Din/Dout increases. 

 

  Therefore, if we plot the energy density of the vortex state, single-domain state and axial 

state as a function of the ring size Dout, we get Figure 5.12. 

Figure 5.12 (a) Energy density of the remanence states as a function of Dout when Din/Dout=0.2. 
The arrow points to the direction that tFe/Dout increases. (b) Energy density of the remanence 
states as a function of Dout when tFe/Dout=0.1. The arrow points to the direction that Din/Dout 
increases. 
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  As shown in Figure 5.12, the energy density of the vortex state decreases with Dout, 

while the energy density single-domain state and axial stay constant as Dout changes. 

  The energy density of the 3 remanence states as a function of the ring width Din/Dout is 

shown in Figure 5.13. 

Figure 5.13 (a) Energy density of the remanence states as a function of Din/Dout when Dout=500 
nm. The arrow points to the direction that tFe/Dout increases. (b) Energy density of the remanence 
states as a function of Din/Dout, when tFe/Dout=0.1. The arrow points to the direction that Dout 
increases. 

 

  As shown in Figure 5.13, while the energy density of the vortex state and axial state 

decrease with Din/Dout, the energy density of the single domain state increases with 

Din/Dout. Therefore, the narrower ring (larger Din/Dout) prefers the formation of the vortex 

state. 

  Finally, the energy density of the 3 remanence states as a function of the ring’s aspect 

ratio tFe/Dout is shown in Figure 5.14. 
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Figure 5.14 (a) Energy density of the remanence states as a function of tFe/Dout when Dout=500 nm. 
The arrow points to the direction that Din/Dout increases. (b) Energy density of the remanence 
states as a function of tFe/Dout, when Din/Dout=0.2. The arrow points to the direction that Dout 
increases. 

 

  As shown in Figure 5.14, the energy density of the single domain state increases with 

tFe/Dout, while the energy density of the axial state decrease with tFe/Dout. The energy 

density of the vortex state, however, remains constant as tFe/Dout changes. Therefore, as 

the tFe/Dout increase, the energy minimum state evolves from single domain state to 

vortex state and further to axial state. 

  The detailed energy density of the vortex state, single-domain state and axial state are 

discussed in Appendix C. 
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Chapter 6  

MAGNETIC PROPERTIES OF EXCHANGE-BIASED IrMn/Fe RING STRUCTURES§ 

 

6.1 Anisotropic reversal modes in thin exchange-biased IrMn/Fe(10 nm) ring structures 

From Chapter 3 to Chapter 5, we discuss the magnetic properties of the 

lithographically patterned Fe ring structures. In order to control the magnetic states and 

the switching process of ring structures, many variations have been made to the ring 

shapes, for example, by introducing notches or flat edges to the ring 88, decentering the 

ring	
  89 or even altering the shape of the rings into triangles or squares 90, 91. The effect of 

magnetocrystalline anisotropy on the rings has also been studied in epitaxial ring 

structures 92. Alternately, exchange bias (EB), which refers to the shift of the hysteresis 

loop in the magnetic field direction, can also serve as a tunable source of unidirectional 

anisotropy to tailor the magnetic properties of rings. So far, very little effort has been 

devoted to the study of such exchange-biased rings	
  93,94,95. Exchange bias induced 

asymmetric magnetization behavior along the bias direction has been observed in 

magnetic ring structures 96, but the detailed mechanism of magnetic reversal is not well 

understood. In this section, magnetization reversal mechanism of Dout=2.4 µm exchange 

biased IrMn/Fe rings is studied using angular dependent magneto-optical Kerr effect 

(MOKE) magnetometry, magnetic force microscopy (MFM) and micromagnetic 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
§  The content of this chapter has been published as  
[1] Yu-Feng, Hou and K. M. Krishnan, “Magnetization reversal in exchange biased IrMn/Fe ring arrays ”, Appl. Phys. 
Lett. 98, 042510 (2011).  

[2] Yu-Feng, Hou and K. M. Krishnan, “Thickness-dependent magnetization reversal behavior of lithographic IrMn/Fe 
ring structures”, J. Appl. Phys. 111, 07B905 (2012). 
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simulations. The results are also compared with the unbiased Fe rings. Drastically 

different magnetic reversal mechanisms are observed in the exchange biased rings when 

the field is applied either along or perpendicular to the bias direction. Micromagnetic 

simulations are performed to reveal the spin configurations of the exchange-biased rings 

during the reversal process for these two field orientations. 

Arrays of circular Ta (1 nm)/Cu (5 nm)/IrMn (10 nm)/Fe (10 nm)/Ta (3 nm) multilayer 

rings with inner and outer diameters Din/Dout=0.8 µm /2.4 µm and inter-ring distance 3 

µm, as schematically displayed in Figure 6.1(a), are fabricated on Si/SiO2 substrates via a 

mask-transferred lithographic process, described in Chapter 3 in detail 97. The two bottom 

layers, Ta (1 nm)/Cu (5 nm), serve as seeding layers to induce the (111) texture growth of 

IrMn 98. A 3 nm thick Ta capping layer is deposited on the top to protect the whole 

structure from oxidation. Figure 6.1(b) shows scanning electron microscope (SEM) 

images of the multilayer ring arrays and a detailed view of a single ring.  

Figure 6.1. (a) Schematic of 2.4 µm Ta (1 nm)/Cu (5 nm)/IrMn (10 nm)/Fe (10 nm)/Ta (2 nm) 
ring arrays. (b) A scanning electron micrograph (SEM) of the sample. The outer and inner 
diameters of the ring are 2.4 µm and 0.8 µm, respectively, with an inter-ring distance of 3 µm. 
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In order to introduce an exchange bias, the as-prepared sample is heated to 600 K in 

vacuum and then cooled to room temperature under an external field of 200 Oe applied in 

the surface plane of the sample. To facilitate the understanding of the effect of exchange 

bias, another reference sample without the antiferromagnetic layer, i.e., Ta (1 nm)/Cu (5 

nm)/Fe (10 nm)/Ta (3 nm), is also prepared in the same process. 

 

Magnetic Hysteresis Behavior of IrMn/Fe(10 nm) EB ring structures 

  M-H hysteresis loops of both exchange-biased and unbiased ring samples are 

subsequently measured at room temperature with an in-plane applied magnetic field, 

using a longitudinal MOKE setup. To improve the signal-to-noise ratio, each loop is 

obtained by averaging the measured results over 20 times. The hysteresis loop of the 

unbiased Fe rings is shown in Figure 6.2(a). The red and the blue curves represent the 

descending and the ascending branches of the loop, respectively. No significant 

differences in the shape of the hysteresis loop are observed when measuring along 

different directions of the sample, indicating that the intrinsic magnetocrystalline 

anisotropy of Fe and the dipolar interactions among rings are negligible. The 

experimentally measured coercivity of the unbiased ring is 75 Oe. For exchange-biased 

rings, the hysteresis behavior is measured with the magnetic field applied at different 

angles, θ, with respect to the bias direction. Figures 6.2(b) and 6.2(c) are the hysteresis 

loops of IrMn/Fe exchange biased rings measured along θ = 0° and 90°, respectively.  
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Figure 6.2 M-H hysteresis loops of (a) the unbiased Fe ring arrays, and the exchange biased ring 
arrays with the field applied (b) along and (c) perpendicular to the bias direction. (d) The 
exchange bias Heb and the coercivity Hc of exchange-biased rings as a function of the field 
orientation θ. 

 

  When the field is applied along the bias direction (i.e., θ = 0°), the hysteresis loop 

possesses a similar shape as that of the unbiased Fe rings, with a higher coercive field (Hc 

= 130 Oe) and a shift (Heb = -81 Oe) of the loop in the negative field direction due to the 

interfacial exchange coupling between Fe and IrMn layers. The hysteresis loop measured 

perpendicular to the bias direction (i.e., θ = 90°), exhibits a coercivity of 81 Oe but no 

exchange bias. This indicates that during the field cooling procedure, the interfacial 

uncompensated spins of the antiferromagnetic layer are effectively aligned in the field 

direction, thus exerting a unidirectional anisotropy on the ferromagnetic layer due to the 
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interfacial exchange coupling. The angular dependence of both the exchange bias Heb(θ) 

and the coercivity Hc(θ) on this field orientation, θ, is studied via a series of 

measurements varying θ from 0° to 180° in steps of 10°. The values of Heb(θ) and Hc(θ) 

are obtained at each θ value and the results are shown in Figure 6.2(d). Heb(θ) shows a 

unidirectional symmetry about the bias direction, i.e., Heb(π+θ)= -Heb(θ). However, 

Hc(θ) exhibits a two-fold uniaxial symmetry about the bias axis, i.e., Hc(π+θ)=Hc(θ). 

Considering the symmetry of the magnetic anisotropy energy 99, the value of Heb(θ) and 

Hc(θ) can be described by Fourier cosine series with odd and even terms, respectively. 

That is, Heb(θ)=Heb(0)Σn=oddbncos(nθ) and Hc(θ)=Hc(0)Σn=evenbncos(nθ).
	
  
For our samples, 

the numerical fitting results show the exchange bias follows the simple cosine relation: 

Heb(θ)= -81 Oe cos(θ), which results directly from the unidirectional anisotropy caused 

by exchange bias,  and the coercivity follows the relation: Hc=104 Oe [1+ 0.2cos(2θ)], 

which indicates that the exchange bias  induces a collinear uniaxial anisotropy as well 

 

Magnetic reversal process of the 10 nm EB & NB ring structures:  

The magnetic domain configurations of the samples are investigated by MFM with 

magnetic field applied parallel to the sample surface, using 45 nm CoPt/FePt coated high 

coercivity probes with a lift height of 30 nm. Figures 6.3(a)-6.3(c) shows selected MFM 

images measured at the nominal values of magnetic fields as marked in Figures 6.2(a)-

6.2(c).  Since no significant asymmetry in the magnetization reversal is observed with 

increasing or decreasing field, we only display the images at different points of the 

ascending branch. Figure 6.3(a) shows the MFM images for the unbiased Fe rings vary 
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from the negative to positive saturation, corresponding to the ascending branch in Figure 

6.2(a). For Figure 6.3(a1), the applied field is -400 Oe and the ring is negatively saturated. 

A black and a white area with dipolar contrast are observed at the edge of the ring along 

the field direction, indicating the formation of magnetic poles in a saturated single 

domain state. Figures 6.3(a2)-3(a5) correspond to the applied field value of 0 Oe, 100 Oe, 

200 Oe, and 400 Oe, respectively. As the field increases, the areas of the dipolar contrast 

gradually shrink in size, which indicates the elimination of the ferromagnetic domain in 

the negative field direction and the creation of the domain aligned along the positive 

direction, until the field reverses its direction to positive. After the field exceeds the 

coercivity and reaches 200 Oe, the dipolar contrast on the ring is suddenly reversed in the 

direction with much weaker strength [Figure 6.3(a4)]. Upon further increasing the field in 

the positive direction, the reversed dipolar contrast is strengthened and saturated at 400 

Oe [Figure 6.3(a5)]. The series of images in Figure 6.3(a) indicates that the magnetization 

reversal of the unbiased ring is dominated by the nonuniform domain nucleation. 
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Figure 6.3 Selected MFM images showing the magnetic reversal process for (a) the unbiased Fe 
rings at marked field values. Magnitude and direction of the magnetization is marked by the grey 
arrows on the ring. For the exchange biased rings (b) along the field cool direction at marked field 
values. (c) Perpendicular-to-bias direction. The corresponding magnetic field values are the same 
as in (b). However, the images show that the exchange bias ensures that there is always a 
significant component of the magnetization along Heb.  

 

Figure 6.3(b) illustrates the magnetic reversal process of the exchange-biased ring 

when the field is applied along the bias direction, which corresponds to the ascending 

branch of the hysteresis loop in Figure 6.2(b). In Figures 6.3(b6)-6.3(b10), the applied 

field is varied from -800 Oe to 800 Oe. Similar to the unbiased ring, the dipolar contrast 

observed at negative saturation [Figure 3(b6)] fades progressively as the field approaches 

the coercivity, and abruptly switches its direction at positive 400 Oe [Figure 6.3(b8)], and 

gets enhanced and positively saturated at 800 Oe [Figure 6.3(b10)]. The MFM results 

indicate the magnetic reversal mechanism in the exchange-biased ring for the field 

applied along the field cool direction remains the same as the unbiased Fe ring.  
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However, Figure 6.3(c) reveals that the magnetic reversal mode, when the applied field 

is perpendicular to the bias direction (i.e. θ=90°) is drastically different.  As the field is 

increased from the negative saturation and then reversed the magnetization direction as 

depicted by the axis of the dipolar contrast slowly rotates to the bias direction, and then to 

the positive saturation, as shown in Figure 6.3(c11)-6.3(c15).   The rotation of the dipolar 

contrast implies that the magnetization of the rings roughly remains in its single domain 

state but rotates from the negative to the positive saturation with increasing field. That is 

to say, the magnetic reversal mechanism for the exchange-biased ring measured 

perpendicular to the bias direction is dominated by coherent rotation, which is 

significantly different from the measurement along the exchange bias. 

 

Micromagnetic Simulations of the Different Magnetic Reversal Process for the EB Rings  

Micromagnetic simulations of the magnetic reversal process of exchange-biased rings 

are performed both along the bias direction (θ=0°) and perpendicular to the bias direction 

(θ=90°), using the LLG micromagnetic simulator 64. The saturation magnetization and 

the exchange stiffness constant of the Fe layer are set at the value of bulk Fe: Ms=1714 

emu/cm3 and A=12 µerg/cm. The cubic magnetocrystalline anisotropy with randomly 

distributed easy axes is assigned to each of the 5×5×5 nm3 cells of Fe due to the 

polycrystalline structure of Fe ring layer. The exchange bias field arising from the 

interface exchange coupling between IrMn and Fe layers is simulated as an additional 

static field of magnitude Heb = -81 Oe, applied in the direction of θ=0°. In Figure 6.4, the 

first row shows the simulated magnetization reversal process for θ=0°, while the second 
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row shows the case for θ=90°. The magnetization direction is indicated by the color 

wheel and the overlaid arrows.  

Figure 6.4 Micromagnetic simulated spin configurations of the exchange biased ring in the 
magnetic reversal process (a)-(d) along the bias direction, and (e)-(h) perpendicular to bias 
direction. The magnetization direction is indicated by the color wheel or overlaid arrows. 

 

In Figure 6.4(a), the ring is magnetically saturated in the negative field direction. As 

the field increases, magnetic domains along other directions start to nucleate, as shown 

by the red and green regions in Figure 6.4(b). Finally, the magnetic domains of the 

positive direction expand over others [Figure 6.4(c)], and reach the positive saturation in 

Figure 6.4(d). The simulation results confirm the nucleation and growth observed in 

MFM imaging. When the external field is perpendicular to the bias direction, as the field 

increases from negative saturation, the ring remains in its single domain state with the 

dipole direction gradually rotating from the negative field direction [Figure 6.4(e)] to the 

bias direction [Figure 6.4(g)], and finally reaches the positive saturation [Figure 6.4(h)]. 
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Effective Field Model  

  The differences in magnetic reversal modes at different field orientation could be 

qualitatively explained by an effective field model developed by Beckmann et al 100. This 

model considers three contributions to the effective field Heff acting on the ferromagnetic 

layer during the process of magnetic reversal. They are the unidirectional exchange field, 

HE, in the field-cool direction, the external magnetic field, Ha, and the uniaxial anisotropy 

field, HU.  In the case of θ=0°, the exchange bias field and the anisotropy field are 

collinear with the applied field, thus the effective field is aligned with the magnetization, 

which favors the domain nucleation mode for the magnetization reversal. In the case of 

θ=90°, the external magnetic field, Ha, is perpendicular to the exchange field, Heb, and 

the anisotropy field, Hu. Thus, the effective field has a large angle with respect to the 

magnetization, which lies in the easy direction given by Heb and H, leading to a strong 

torque that favors the coherent rotation mode of magnetic reversal. 

 

6.2 Evolution of Magnetic Properties in EB IrMn/Fe Ring Structures with Fe Layer 

Thickness 

  We discuss the effects of the exchange bias interfacial coupling on the magnetic 

switching behavior of thin IrMn/Fe (10 nm) ring structures in section 6.1. In this section, 

we investigate the effect of the exchange-bias when the Fe layer thickness, tFe, increases. 

Dout=2.4 µm EB IrMn/Fe ring structures with systematic thickness variation of the Fe 

layer are fabricated and the evolution of their magnetization reversal mechanism is 

studied using magneto-optical Kerr effect (MOKE) magnetometry. We observe that the 
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magnetization reversal in EB ring structures is significantly modified due to EB. The 

evolution in EB field, Heb, is also investigated as a function of the Fe layer thickness. 

  IrMn/Fe exchange biased ring arrays with the thickness for IrMn, tIrMn, fixed at 10 nm 

and for Fe, tFe, varying from 10 to 80 nm, are patterned on thermally oxidized Si 

substrates via a mask-transfer lithographic process. 101 First, 1 µm thick polymer resist 

ring arrays are fabricated on the substrate by photolithography. Then, a 170 nm thick Mo 

sacrificial layer is deposited onto the resist ring patterns in an ion beam sputtering system, 

with a base pressure of 1×10-8 torr and followed by ultrasonic assisted chemical lift-off of 

the resist rings. This step creates Mo anti-ring patterns on the substrate. Finally, 

multilayers with structure Ta (1 nm)/Cu (5 nm)/IrMn (10 nm)/ Fe (tFe nm)/Ta (3 nm) are 

sputtered onto the Mo anti-ring pattern obtained in the previous step, and then Mo is 

etched away by H2O2 solution, leaving only multilayer ring arrays on the substrate, the 

structure of the EB ring is shown in Figure 6.5(a). 
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Figure 6.5 (a) Schematic structure of the multilayer EB IrMn/Fe ring arrays. (b) Schematic 
structure of the multilayer unbiased Fe ring arrays. (c) Scanning electron microscopic images of 
the sample. A detailed image of one ring is shown on the bottom right corner. 

 

  The two bottom layers, Ta (1 nm)/Cu (5 nm), are employed as seed layers to favor [111] 

texture of IrMn. 98 A 3 nm Ta capping layer is deposited on the top to protect the whole 

structure from oxidation. In order to introduce an EB, the as-prepared sample is heated to 

600 K in vacuum and then cooled to room temperature under an external field of 200 Oe 

applied in the sample surface plane by a small permanent magnet placed at the back of 

the sample. To facilitate the understanding of the effect of EB, another set of reference 

samples without the antiferromagnetic layer, i.e. Ta (1 nm)/Cu (5 nm)/Fe (tFe nm)/Ta (3 

nm), are also prepared in the same process, as shown in Figure 6.5(b). Figure 6.5(c) 

shows scanning electron microscope images of the multilayer ring arrays and a detailed 

view of a single ring. Both the exchange biased and unbiased rings show a circular shape 

with outer/inner diameter Din/Dout=0.8 µm/2.4 µm, and inter-ring distance of 3 µm, which 

is large enough to ensure the dipolar interaction among rings are negligible. 
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  M-H hysteresis loops of both exchange biased and unbiased ring samples are 

subsequently measured at room temperature using a magneto-optical Kerr effect (MOKE) 

setup with external field applied in a longitudinal geometry. To improve the signal-to-

noise ratio, each loop is obtained by averaging the measured results over 20 times.  

Figure 6.6 M-H hysteresis loops of unbiased Fe ring arrays with Fe layer thickness equals to (a) 
10 nm (b) 30 nm and (c) 50 nm. The first order derivative dM/dH of the loop’s descending branch 
(red) are plotted in the inset box located at the right bottom corner of each loop. Hysteresis loops 
of exchange biased IrMn/Fe rings with tFe equals to (d) 10 nm (e) 50 nm and (c) 80 nm are 
shown in the second row. 

 

  Hysteresis loops of the 10 nm [Figure 6.6(a)], 30 nm [Figure 6.6(b)] and 50 nm [Figure 

6.6(c)] unbiased ring samples are chosen to show the complete evolution of the hysteresis 

behavior with thickness in unbiased Fe rings. The red and blue curves respectively 

represent the descending and ascending branches of the loop. The first order derivative, 

dM/dH, of the descending branch is plotted in the inset at the right bottom corner of each 

figure. The 10 nm unbiased ring shows a single step transition from positive saturation to 

negative saturation, at the measured coercivity of Hc = -75 Oe. The distribution of the 
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switching field, presented by the inset dM/dH curve, shows one sharp peak at the 

coercivity field, indicating the magnetization reversal is completed in one-step. The 50 

nm biased ring, [Figure 6.6(c)], clearly shows a constricted shape with a two-step 

transition during magnetization reversal and zero remanence magnetization, which is 

typical for the vortex state. The corresponding dM/dH plots show two well separated 

peaks. The first switching field Hc1= 96 Oe, corresponds to the switching from the 

positive saturated state to the vortex state. The second switching field Hc2= -262 Oe, 

corresponds to the switching from vortex state to the reversed saturated state in the 

negative direction. In between these two switching steps, the vortex state is stable from -

28 Oe to -152 Oe. The representative behavior between these two limiting cases of 10 nm 

and 50 nm is shown for 30 nm ring in Figure 6.6(b). The dM/dH curve of the descending 

branch shows two distinct peaks, yet these two peaks are partially overlapping, which 

indicates that the second reversal step is initiated before the completion of the first step, 

and without a stable vortex state formed in between. Thus, for the unbiased ring, as the 

thickness of the Fe layer increases from 10 nm to 50 nm, the hysteresis loop evolves from 

single-step to double-step, with the transition taking place somewhere between 10 nm to 

30 nm.  

  For exchange biased rings [Figures 6.6(d)-6.6(f)], the ultra thin 10 nm sample [Figure 

6.6(d)] also shows a single step transition with a higher coercivity (Hc=130 Oe) and a 

shift of the loop in the negative field direction, Heb=-81 Oe, due to the interfacial 

exchange coupling between Fe and IrMn layer. As the thickness of the Fe layer, tFe, 

increases to 50 nm, the hysteresis loop shows a tilted shape with a wide one-step 

transition centered at, the shift of the loop Heb has decreased to Heb=-5.2 Oe. Further 
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increase of the thickness of the Fe layer to 80 nm, causes the shift of the loop to become 

too small to be detected and the hysteresis loop evolves into double-step. Thus, compared 

to the unbiased sample, the hysteresis loops of the exchange biased ring also shows a 

single-step to double-step transition as tFe increases, but the transition thickness is shifted 

higher between 50 nm to 80 nm. 

  The increase of transition thickness in EB samples could be interpreted by analyzing the 

magnetic anisotropy induced by the exchange bias on the ring structure. The induced 

magnetic anisotropy, which consists of a unidirectional component HE and a collinear 

uniaxial component HU, is studied by measuring the angular dependence of the exchange 

bias field Heb and then numerically fitted with an improved effective field model. In the 

measurements, the magnetic field is applied at an angle θ, varying from 0° to 360°, at a 

step size of 10°, with respective to the bias direction (θ = 0°). The exchange bias field 

Heb is obtained at each θ value and organized and shown in Figure 6.7(a).  

Figure 6.7 (a) Experimental exchange biased field (symbols) as a function of the field orientation 
θ and the numerical fitting (continuous line). (b) The anisotropy fields HE and HU obtained from 
the fitting for the angular dependence of Heb for EB IrMn/Fe rings with different tFe. 
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As shown in this Figure 6.7(a), in EB ring samples, the exchange bias field Heb(θ) 

shows a unidirectional symmetry about the bias direction, i.e., Heb(π+θ)= -Heb(θ), and 

shows a maximum value away from the exchange bias axis (θ=180°), due to the 

existence of the collinear uniaxial anisotropy HU. To reveal the magnitude of the 

unidirectional anisotropy HE and uniaxial anisotropy HU, the angular dependence of the 

exchange bias field Heb is numerically fitted with an improved effective field model.   

For our polycrystalline EB ring sample, the energy per unit volume of the system is 

given by 

𝐸 = −𝑀!𝐻𝑐𝑜𝑠 𝜃 − 𝛼 − 𝐾!𝑐𝑜𝑠𝜃 − 𝐾!𝑐𝑜𝑠!𝜃                                                          (6-1) 

Where MS is the saturation magnetization, H is the applied field. θ and α are the angles 

between the anisotropy direction and the magnetization and the applied field direction, 

respectively. The parameters KE and KU are determined by 𝐾! = 𝐻!𝑀! and 𝐾! =
!
!
𝐻!𝑀!, 

where HE and HU are the unidirectional and uniaxial anisotropy field. 

  To obtain the equilibrium position of the magnetization, we let !"
!"
= 0 and !

!!
!!!

> 0, 

which gives us 

𝑀!𝐻𝑠𝑖𝑛 𝜃 − 𝛼 + 𝐾!𝑠𝑖𝑛𝜃 + 𝐾!𝑠𝑖𝑛2𝜃 = 0                                                                    (6-2) 

𝑀!𝐻𝑐𝑜𝑠 𝜃 − 𝛼 + 𝐾!𝑐𝑜𝑠𝜃 + 2𝐾!𝑐𝑜𝑠2𝜃 > 0                                                               (6-3) 

Solve (6-2) for H, we get 

𝐻 𝜃 = !!!"#$!!!!"#!!
!"# !!!

                                                                                                   (6-4) 
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  The hysteresis loop for a specific 𝛼 value is thus obtained by plot H(θ) ~ MScos(α-θ). By 

letting 𝛼 varying from 0° to 360°, we are able to calculate the angular dependence 

behavior of the exchange bias field Heb for a given (KE, KU) value and compare it with the 

measured data. The results of the numerical fitting of the anisotropy fields are shown in 

Figure 6.7(b). 

As shown in Figure 6.7(b), the fitted values of the unidirectional anisotropy, HE and 

the collinear uniaxial anisotropy, HU, decreases inversely with the Fe layer thickness, 

following the 1/tFe dependence.  

  The unidirectional anisotropy HE causes the hysteresis loop of the EB sample to shift in 

the negative field direction, while the uniaxial anisotropy HU, changes the shape of the 

hysteresis loop in EB ring samples. In unbiased Fe rings, the major difference for the 

single-step switching and double-step switching in ring structure is the remanence state. 

While in typical single-step switching, the ring remains a quasi-uniform state, in double-

step switching process, the ring forms a vortex state. In EB rings, the uniaxial anisotropy 

induced by the exchange bias increases the energy density of forming the vortex state by 

1/2KU, while the energy density of the quasi-uniform state stays the same (because spins 

are aligned with the easy axis). Thus, compared to unbiased Fe rings, EB rings with the 

induced uniaxial anisotropy prefer single-step switching during reversal. However, as the 

thickness of the Fe layer increase, the strength of the uniaxial anisotropy will decreases 

and become negligible [Figure 6.7(b)], and then the thick EB ring will show double-step 

switching again, as we observed in Figures 6.6(d)-6.6(f). 
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6.3 Conclusion 

  In summary, we systematically study the effects of exchange bias (EB) on the 

magnetization reversal behaviors in lithographic IrMn/Fe rings and their unbiased Fe 

counterparts, with the thickness of the Fe layer, tFe, varying from 10 nm to 80 nm. It is 

shown that, in thin IrMn/Fe (10 nm) EB rings, EB induces anisotropic reversal modes in 

the ring structure. When external field is applied along the bias direction, magnetic 

reversal of the ring is dominated by domain nucleation and growth. When external field 

is applied perpendicular to the bias direction, magnetic reversal is dominated by coherent 

rotation. As tFe increases, the hysteresis loops of both unbiased and biased ring undergoes 

a transition from single-step to double-step. However, for EB samples, this transition 

happens at larger thickness, which is attributed to the uniaxial anisotropy induced by 

exchange bias in the Fe layer. The magnitude of this uniaxial anisotropy is studied by 

measuring the angular dependence of the exchange bias field and fitted numerically with 

an improved effective model. 
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Chapter 7  

NANORING MAGNETIC TUNNEL JUNCTION DEVICE WITH CURRENT 

PERPENDICULAR TO PLANE 

 

7.1 Introductions 

  After a systematical study of the magnetic states and switching behavior of Fe rings 

with different thickness (tFe), lateral size (Dout) and width (Din/Dout), and the effects of the 

exchange bias (EB) coupling on the Fe rings, we now integrate these together into a 

multilayer nanoring magnetic tunneling junction (MTJ) device as a candidate for future 

magnetoresistive random-access memory (MRAM). 102 

  Magnetoresistive random-access memory (MRAM) has been intensely studied in the 

past few years 105 because of their potential advantages including nonvolatility, 

antiradiation, unlimited endurance, high speed, high density, low power consumption etc. 

However, the high-density and low-power-consumption have not been realized based on 

either the conventional magnetic field magnetization switching or the elliptic/ rectangular 

- shaped MTJ structures in the state of the present MRAM devices. 105 The road map of 

the MRAM demo device development is shown in Figure 7.1. 105 
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Figure 7.1 Roadmap of MRAM demo device development. 105 

 

  The main cause of the limitation in storage density and power consumption is that the 

stray field energy and the shape anisotropy energy of a nanoscale size MTJ increase 

distinctly with increasing density, resulting in the very large coercivity and switching 

field and further higher power consumption compared with that of a microscale size 

MTJ.106 In addition, the strong stray field interactions between the ferromagnetic layers 

of a MTJ or between the nearest neighboring MTJ cells can result in large magneto-

conjunction effect and magnetic noise, which can whittle the independence and 

consistency for each MTJ as a memory cell. 105  
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  The ring-MTJ provide the possibility to eliminate the stray field and enhance the 

thermal stability since the magnetization may ideally form a vortex structure free of 

magnetic poles and thus could be patterned very close to each other in high density. Thus, 

the ring-MTJ based MRAM devices are as fast as the Dynamic Random Access Memory 

(DRAM), while they are non-volatile and energy efficient. While compared with other 

non-volatile memories like Flash, they have much better reliability. 103 

  First proposed by Zhu 103, nanoring-MTJ device is first achieved experimentally by X. F. 

Han’s group in 2007. 104 Since then, several distinct nanoring-MTJ structures have been 

discussed by X. F. Han,105, 106, 107, 108 J. C. Wu 109, 110, 111 and J. M. D. Coey’s groups. 112  

The current-perpendicular-to-plane (CPP) type MTJ devices are fabricated via a 

combination of lithography and ion-milling techniques. Al-oxide and Al-N are sputtered 

as the barrier layer. As the magnetization of the free layer and reference layer align 

parallel and antiparallel with each other, a TMR ratio between 20% ~ 50% is observed. 

105 Current (J~106 A/cm2) assisted switching of the magnetization in free layer is also 

achieved but is largely attributed to the Oersted field of the current in the perpendicular-

to-plane direction rather than spin-torque-transfer (STT) effect (in which the 

magnetization orientation of the free layer is switched by the spin-polarized current after 

passing through the reference layer). 106  
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Figure 7.2 Nanoring-MTJ with a CPP configuration. The magnetic states of the free layer and 
reference layer will generate different resistance of the device. 

 

  A magnetic nanoring based MTJ device with a CPP configuration is shown in Figure 

7.2. Sandwiched between the top and bottom Au electrodes, the ring-MTJ has a structure 

of Fe/MgO/Fe/IrMn, with the top reference layer consisting of IrMn/Fe exchange-bias 

pinned and free layer Fe at the bottom. An MgO barrier layer is deposited between them. 

Starting from the positive saturation field, as the magnetization of the free-layer and 

reference-layer align parallel, the resistance of the device should be low (RP). Reducing 

the field to zero, the free layer switches to the vortex state, as the magnetization of one 

half ring is reversed, the resistance now will increase to Rint. Switching the field to the 

negative direction leads to the total switching of the free layer. The magnetization of the 

free layer and reference layer now are totally opposite to each other, giving a maximum 

resistance of RAP. Finally, the magnetization of the reference layer reversed and the 

resistance will drop back to RP. Thus, by tuning the magnetization direction in the free 

layer of the ring-MTJ, three distinct magnetic states with different device resistance can 

be achieved, which can be used to record data in such a device. 
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7.2 Device fabrication 

  It is technically challenging to fabricate the nanoring-MTJ in the CPP configuration, as 

shown in Figure 7.3. Multiple steps of E-beam lithography (EBL) and ion milling are 

needed. First a Au electrode is lithographically patterned at the bottom [Figure 7.3(2)]. 

Then, a multilayer ring-MTJ with Dout=500 nm is aligned and patterned by EBL right on 

top of the bottom electrode [Figure 7.3(3)]. To insulate the bottom and top electrode, a 

SiO2 spacer square is aligned and patterned right on top of the ring-MTJ, burying the 

device beneath it [Figure 7.3(4)]. Then, focused ion beam (FIB) is focused on top of the 

ring-MTJ and a hole is ion-milled through the SiO2 spacer layer until it reaches the top of 

the ring-MTJ device and stop right at that point [Figure 7.3(5)]. Finally, a top electrode is 

aligned and patterned on top of the device perpendicular to the bottom electrode, and the 

device fabrication is completed [Figure 7.3(6)]. 
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Figure 7.3 Fabrication procedure of the CPP ring-MTJ device. 

  Below we discuss the fabrication procedure in more detail. Si wafer is first pre-treated 

with standard RCA cleaning and deposited with 50 nm of SiO2 to ensure an insulating 

surface. Then, 20 nm thick Au bottom electrode together with alignment marks are 

patterned by EBL, deposition and lift-off process, as shown in Figure 7.4. The EBL is 

implanted using a FEI XL-30 scanning electron microscope (SEM) operated at 30keV 

beam energy on a 100 nm thick poly-methyl methacrylate (PMMA) resist. The bottom 

electrode consists of three parts: (1) two bonding pads (2) two extension lines (3) the 

central electrode bar.  
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Figure 7.4 Scanning electron microscopy images of the bottom electrode and alignment marks. 
The bottom electrode consists of (1) bonding pad (2) extension line and (3) central electrode bar. 
The alignment marks consist of (4) the coarse alignment marks (5) the fine alignment marks and 
(6) the FIB alignment marks. 

 

  The two bonding pads are 250 nm squares separated by 2 mm. They are written by EBL 

at a magnification of 20, with point-to-point distance of 168 nm, spot size 5 and exposure 

dosage of 500 µC/cm2. The two extension lines are 3 µm wide and 1 mm long, 

connecting the bonding pads and the central electrode bar. At the inner end of the 

extension lines, where they connect the central electrode bar, there are horizontal bars 3 

µm in width and 10 µm in length to ensure their connection in case of misalignment in 

lithography. The extension lines are patterned at a magnification of 25, with point-to-

point distance of 135 nm, spot size 1 and exposure dosage of 250 µC/cm2. The electrode 

bar at the center is 2 µm in width and 200 µm in length. It is written at a magnification of 

1050, with point-to-point distance of 10 nm, spot size 1 and exposure dosage of 250 

µC/cm2.  

  There are three sets of L-shape alignment marks surrounding the center of the electrode 

bar, as shown in Figure 7.4(b): (4) a set of coarse alignment marks that are off the center 

point by (50 µm, 50 µm) (5) a set of fine alignment marks that are off the center point by 
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(30 µm, 30 µm) and (6) a FIB alignment mark that is off the center point by (6 µm, 6 µm). 

The coarse alignment marks and the fine alignment marks are for the alignment of EBL 

patterns, while the FIB aliment marks serve as guides for the focused ion beam (FIB) 

before ion milling. The coarse alignment marks are written by EBL at a magnification of 

1300, with point-to-point distance of 10 nm, spot size 3 and exposure dosage of 250 

µC/cm2. The fine alignment marks are patterned at a magnification of 2100, with point-

to-point distance of 10 nm, spot size 1 and exposure dosage of 250 µC/cm2. The FIB 

alignment marks are written at a magnification of 9000, with point-to-point distance of 10 

nm, spot size 1 and exposure dosage of 250 µC/cm2. The detailed EBL information is 

summarized in the table below. 

 

  After exposure to the electron beam, the pattern is immersed into the 1 Methyl-isobutyl-

ketone (MIBK): 3 Isopropyl alcohol (IPA) developer for 70 s, rinsed in IPA solution and 

blown dry with nitrogen gas. Cr(2 nm)/Au(20 nm) are then sputtered onto the patterned 

PMMA resist in the ion-beam sputtering chamber. Then the sample is immerged in 

acetone solution for 24 hours before a 15 s ultrasonic assisted lift-off. The Cr layer 

enhances the attachment of the Au on the SiO2 surface. 
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  After the bottom electrode, the ring-MTJ device is written onto the central electrode bar 

by alignment of the EBL. First, a rehearsal of the alignment writing is performed. The 

sample with just the bottom electrode is imaged by SEM following the exact same 

procedure as EBL: the beam is first optimized on the gold standard at a height of 6.5 mm 

and magnification of 100’000. Then, it is focused on the 4 corners of the sample and a 

planar fitting by the NPGS software is carried out, as shown in Figure 7.5. Then, sample 

stage is moved to search for the bottom electrode pads. After the bottom electrode is 

found on the screen, the x-axis and y-axis of the screen in aligned with the sides of the 

square bonding pads by rotating the sample stage. This step is to align the angle of 

sample for future aligned-writing steps. After alignment of angle, the coordinates of 

corner No. 4 (point 4 in Figure 7.5), the upper-left corner bonding pad (point 5 in Figure 

7.5), and the center of the device (point 6 in Figure 7.5) are recorded, the movement 

vector from point 4 to point 5, and point 5 to point 6 is calculated and recorded for future 

aligned writing step. 
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Figure 7.5 Schematic diagram of the rehearsal of the EBL alignment: After the 4-corner 
planar fitting, the x-axis and y-axis of the sample is aligned by rotating sample stage. 
Then, coordinates of the 4th corner (point 4), upper left corner of the bonding pad (point 
5) and the device center (point 6) is recorded and the movement vector between them 
calculated and recorded.   

 

  After all the coordinates are recorded, the sample is taken out and again spin-coated 

with PMMA resist for the EBL of the ring-MTJ device. Like in the rehearsal step, the 

beam optimization and 4-corner fitting on the sample corners are carried out. Then, beam 

is set to spot 1 and magnification ×80. The upper-left corner of the bonding pad is 

searched manually on the sample surface and the x and y-axis alignments are performed. 

After the angle is aligned, the beam is focused on the upper-left corner (point 5 in Figure 

7.5) of the bonding pads. The beam blanker is turned off to block the beam and a sample 

stage movement is carried out from the upper corner of the bonding pad (point 5 in 

Figure 7.5) to the center of the electrode bar (point 6 in Figure 7.5) by inputting the 

movement vector calculated in the rehearsal step. Now although the sample should be 
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moved to the center after the stage movement, the movement of the sample stage itself 

has an error of 10 µm. Thus, to align the feature accurately, windows [dashed blue 

windows plotted in Figure 7.3(a)] are opened on top of the alignment marks region, as 

shown in Figure 7.6(a). The alignment process consists of 2 steps: a coarse alignment on 

alignment marks that are 50 µm off the center and a fine alignment on the alignment 

marks 30 µm off the center. The coarse alignment is performed by opening 4 windows 

(blue) on top of the coarse alignment marks. By comparing the position of the real L-

shape alignment marks (which is Au thus shines beneath the PMMA resist under the 

electron beam) with their virtually generated images on the NPGS software, the NPGS 

program generates an algorism to mapping the real positions of the pattern to their virtual 

positions. Because of the error in the sample stage movement, the coarse alignment 

usually shows large offsets between real and virtual positions.  

  Then, a fine alignment is carried out by opening another four windows [dashed red 

windows in Figure 7.6(a)] on the 30 µm alignment marks. The NPGS program uses the 

mapping result from the coarse alignment step and generates new virtual images of the 

alignment marks on the screen, By manually aligning the real position of the 30 µm 

alignment marks with their virtual images, the mapping algorism is improved. Therefore 

after the fine alignment, the writing of the Dout=500 nm ring is performed at the center of 

the electrode bar at a magnification of ×9000, with point-to-point distance of 10 nm, spot 

size 1 and exposure dosage of 0.6. Dout=500 nm ring is chosen because the FIB alignment 

marks are 3 µm off-set from the device center (limited by the magnification setting of the 

FIB) and the central Au electrode bar is thus only 2µm in width. In order to leave enough 

space for alignment error during the e-beam lithography, Dout=500 nm ring is a safe 
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choice. The height of the ring-MTJ device is also limited by the e-beam lithography. 

During the dosage test, devices with a thickness larger than 30 nm are difficult to lift-off. 

Therefore, the reference layer of the ring-MTJ is designed to be 10 nm thick to limit the 

thickness of the whole device. For the free layer, a thickness of 3 nm is chosen to make 

the maximum difference in switching field compared to the reference layer. After 

development, magnetic multilayers of Fe(3 nm) /MgO(1.5 nm)/Fe(10 nm)/IrMn(10 

nm)/Au (3nm) are sputtered onto the resist layer in the ion-beam sputtering chamber.   

  Then the sample is immerged in acetone solution for 24 hours before a 15 s ultrasonic 

assisted lift-off. To introduce exchange bias interfacial coupling in the reference layer, 

the sample is heated to 600 K in vacuum and then cooled to room temperature under an 

external field of 200 Oe applied in the surface plane of the sample pointing along the 

bottom electrode. The SEM image of the ring-MTJ device is shown in Figure 7.6(b), 

pointed by a yellow arrow. The direction of the exchange bias interfacial coupling is 

indicated by the red arrow. The slight shift of the ring MTJ to the right side of electrode 

bar center is because of the magnification increase from the fine alignment (×500) to the 

Dout=500 nm ring writing (×3600). 
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Figure 7.6 Windows are opened on top of the alignment marks (blue for coarse alignment marks 
and red for fine alignment marks) during the aligned EBL process. The ring-MTJ is shown in (b). 

 

  Here in the reference layer of the ring-MTJ device [Fe (10 nm)/IrMn(10 nm)], we put 

the antiferromagnetic IrMn (10 nm) layer on top of the ferromagnetic layer, which is 

different in structure from the exchange biased IrMn (10 nm)/Fe (10 nm) rings we 

discussed in Chapter 6. This is because (1) the ion-milling rate of the latter FIB step is 

unknown and putting IrMn above Fe layer helps to protect the Fe layer during the milling 

step; (2) growing IrMn on top of the Fe layer without the Cu (5 nm) seeding layer also 

helps to reduce the total thickness of the device for following lift-off step. Nevertheless, 

as many reports point out, 113, 114 the exchange bias induced hysteresis loop shift in the 

AF/FM structure is slightly larger than their FM/AF counterpart after thermo annealing. 

However, it is not a major concern for us here. 

  After patterning the ring-MTJ device on the electrode bar, a 4 µm × 4 µm square is 

aligned and written by EBL at the center of the device, right on top of the ring-MTJ, 

following the same procedure of patterning the ring-MTJ. Then, 70 nm of SiO2 spacer 

layer is deposited onto the patterned resist layer and lifted-off. The SEM image of the 

SiO2 spacer is shown in Figure 7.7(a). The ring-MTJ device can be seen very clearly 
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beneath the SiO2 spacer. Figure 7.7(b) shows the AFM image of the SiO2, the height 

profile along the red line in the AFM image shows that the SiO2 spacer has a thickness of 

70 nm. 

Figure 7.7 (a) SEM image of the patterned 4 µm × 4 µm SiO2 spacer square. (b) AFM image of 
the SiO2 spacer square. The height profile along the red line in the image shows the SiO2 has a 
thickness of 70 nm. 

 

  After patterning the SiO2 spacer, focused ion beam (FIB) is used to mill a hole on top of 

the ring-MTJ device through the SiO2 spacer layer until the top Au capping layer of the 

ring-MTJ is reached. For our device, the ion milling is carried out on a FEI XL830 dual 

beam SEM/FIB at the NTUF. Ga+ ion beam with beam energy of 30 kV and an emission 

current of 2.2 µA is used for the milling. The rings-MTJ is merely visible under the SiO2 

spacer so the ion beam is directly focused on the MTJ device and start milling. However, 

since the milling rate of the SiO2 film under the FIB is unknown, the depth of the milled 
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hole can only be estimated. For our sample, milling time of 1s, 2s, 3s and 4s are tested on 

four devices. Figure 7.8 shows the FIB milled hole on top of the ring-MTJ. 

Figure 7.8 SEM images of the FIB milled hole on top of the ring-MTJ through the SiO2 spacer 
layer. 

 

  The last step of the device fabrication is patterning a top electrode perpendicular to the 

bottom electrode along the horizontal position on top of the ring-MTJ. The top electrode 

has the exact same structure as the bottom electrode but along the horizontal direction: 

two bonding pads, two 1 mm long, 3 µm wide extension lines and a 2 µm wide, 200 µm 

long central electrode bar, as shown in Figure 7.9. The EBL recipe is the same as the 

bottom electrode and the alignment procedure is the same as the ring-MTJ and SiO2 

spacer. After development, Au (20 nm) is deposited onto the PMMA resist layer and 

lifted-off in acetone solution after 24 hours. The result SEM images of the complete ring-

MTJ device with CPP configuration are shown in Figure 7.9(a)-7.9(c). Figure 7.9(c) 

clearly shows that the ring-MTJ device is within the area where the top electrode and 

bottom electrode intersect.  
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Figure 7.9 SEM images of the complete ring-MTJ device. 

 

  Finally, Si substrate with multiple ring-MTJs is manually cut into 5 mm × 5 mm 

squares, with only one device on each square for the subsequent transport measurement 

on PPMS. 

 

7.3 Transport measurements of the CPP ring-MTJ 

  Each nanorings-MTJ device is measured using a four-probe method 115 via leads 

connected to the top and bottom electrodes. Figure 7.10(a) shows the schematic diagram 

of the connection and Figure 7.10(b) shows the photo of the connection on a PPMS 
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electro-transport sample stage. The electro-transport sample stage can rotate in plane so 

that the external magnetic field can be applied along different directions in the sample 

plane. For our ring-MTJ, the external magnetic field is applied along the exchange-bias 

direction, as shown in Figure 7.10 (a). 

Figure 7.10 (a) Schematic diagram of the four-probe method measurement of the R-H loop of the 
ring-MTJ. The external field is applied along the EB direction. (b) Photo of the ring-MTJ 
connection on the QD electro-transport rotatable sample stage. 

   

  The junction resistance is measured both at 10 K and room temperature, with a constant 

dc current I=10 µA. The external magnetic field Ha is between -1000 Oe and +1000 Oe, 

with a step size of 5 Oe. So far, the measured R-H loops from the nanorings-MTJs do not 

show any significant change in resistance of the device due to the TMR effect. Figure 

7.11 shows a typical measured R-H loop. 
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Figure 7.11 Measured resistance (R) vs. magnetic field (H) loops for ring-MTJ with CPP 
configuration. The temperature is 10 K. 

 

  As shown in Figure 7.11, the measured R-H loop is quite noisy with !!"#!!!"#
!!"#$

=

0.02%. No obvious change in junction resistance is observed during the measurement. 

One of the possible reasons is that we do not have a very precise control of the FIB drill 

depth. The correct milling depth needs a very precise control of the milling time so that it 

just mills through the whole SiO2 spacer without damaging the device.   

  

7.4 Conclusion 

  We fabricated a nanoring-MTJ device with CPP configuration though multiple steps of 

aligned EBL and FIB milling. However, the TMR induced resistance change is not 

observed in the resistance measurements. One possible reason is that the milling depth of 
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the FIB is not correct because we do not know the milling rate of the FIB on SiO2 film.  

Alternatively, our transport measurement set up did not have the necessary sensitivity to 

detect the changes in TMR.  In the future, it is suggested that a commercial device with 

well-known TMR characteristics be measured to ensure that the transport measurements 

were done correctly before trying to troubleshoot the ring-device that was fabricated. 
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Chapter 8 

CONCLUSIONS AND FUTURE WORK 

   

  The distinct magnetic states and highly reproducible switching behavior of the magnetic 

thin film ring structures not only make them interesting topic in fundamental research but 

also candidates for multiple magnetoelectronic and sensing devices. A systematic study 

on the magnetic states and reversal behaviors of the thin film Fe ring structure can 

therefore help our understanding of nanomagnetism and also provide reference for the 

design of future nanoring devices.  

  In this thesis, we have 

(1) Studied the effect of thickness tFe on the magnetic properties of the Fe ring structures. 

Fe ring structures with different thickness are patterned by photolithography and a mask-

transfer process. The magnetic hysteresis behaviors of the Fe rings are characterized by 

magneto-optical Kerr effect. The magnetic domain configurations are investigated by 

magnetic force microscopy and micromagnetic simulation. With the increase of the 

thickness, the magnetic switching of the Fe rings involves from single-step switching 

with quasi-saturated remanence state to double-step switching with vortex state at 

remanence. This is explained by the increasing energy density different between the 

vortex state and single domain state as tFe increases. 

(2) Studied the effect of size Dout on the magnetic properties of the Fe ring structures. Fe 

ring structures with different sizes are patterned by electron-beam lithography and lift-off. 
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With the decrease of the size, the magnetic switching of the Fe rings involves from 

double-step switching with vortex state at remanence to single-step switching with quasi-

saturated remanence state. 

(3) Studied the effect of width Din/Dout on the magnetic properties of the Fe ring 

structures. With the Din/Dout ratio of the ring decreasing, the magnetic hysteresis behavior 

of the ring evolves from double-step with vortex state in-between to single-step. This is 

explained by the increasing energy difference between vortex state and single domain 

state as Din/Dout ratio increases. 

(4) Established a energy density model by using the micromagnetic simulator to calculate 

the energy density evolution of the vortex state, single-domain state and axial state with 

the Fe ring size (Dout), thickness (tFe) and width (Din/Dout). 

(5) Studied the effects of exchange bias (EB) on the magnetization reversal behaviors in 

lithographic IrMn/Fe rings and their unbiased Fe counterparts, with the thickness of the 

Fe layer, tFe, varying from 10 nm to 80 nm. In thin IrMn/Fe (10 nm) EB rings, EB 

induces anisotropic reversal modes in the ring structure. When external field is applied 

along the bias direction, magnetic reversal of the ring is dominated by domain nucleation 

and growth. When external field is applied perpendicular to the bias direction, magnetic 

reversal is dominated by coherent rotation. As tFe increases, the hysteresis loops of both 

unbiased and biased ring undergoes a transition from single-step to double-step. However, 

for EB samples, this transition happens at larger thickness, which is attributed to the 

uniaxial anisotropy induced by exchange bias in the Fe layer. The magnitude of this 



	
   143	
  

uniaxial anisotropy is studied by measuring the angular dependence of the exchange bias 

field and fitted numerically with an improved effective model. 

(6) Fabricated a nanoring-MTJ device with CPP configuration though multiple steps of 

aligned EBL and FIB milling. However, the TMR induced resistance change is not 

observed in the resistance measurements. One possible reason is that the milling depth of 

the FIB is not correct because we do not know the milling rate of the FIB on SiO2 film.  

  Therefore, in the future, it is desirable if we can replace the FIB step in our device 

fabrication with a more controllable process. One solution, as shown in Figure 8.1, is to 

use Poly-methyl methacrylate (PMMA) to replace SiO2 as the insulating spacer layer 

between the top and bottom electrodes.  

Figure 8.1 Revised fabrication procedure of the CPP ring-MTJ device with PMMA as the 
insulating spacer layer. 
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  After the ring-MTJ is deposited and lifted-off, PMMA is spin-coated onto the substrate 

[Figure 8.1(4)]. Then, e-beam lithography is used to expose the bottom bonding pads and 

also the top of the ring-MTJ device [Figure 8.1(5)]. The e-beam exposure dosage on top 

of the ring-MTJ needs to be carefully tuned so that the PMMA within the center hole of 

the ring-MTJ is still intact to maintain the insulation between the top and bottom 

electrodes. Since the PMMA layer is used as the insulating spacer, the top electrode can 

only be deposited via shadow mask deposition [Figure 8.1(6)]. 
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APPENDIX A 

 

Photolithography recipes 

 

Procedure: 

Clean the Si wafer 

(1) Clean the Si wafer with piranha solution (3:1 mixture of H2SO4 and H2O2) for 10 

minutes. DI water rinse 3 times. 

(2) Immerse the Si wafer in 5H2O + 1H2O2 + 1NH4OH solution (SC-1) at 70 – 80 °C for 

10 minutes. DI water rinse 3 times. 

(3) Immerse the Si wafer in 1:50 solution of HF for 5 minutes. DI water rinse 3 times. 

(4) Immerse the Si wafer in 1:1:6 solution of HCl + H2O2 + H2O (SC-2) at 75 - 80 °C for 

10 minutes. DI water rinse 3 times. 

(5) Spin dry the Si wafer. 

 

Spin coat the photoresist 

(6) Put the Si wafer into the hexamethyldisilazane (HMDS) vapor oven, baking for a 

complete cycle (45 mins). 



	
   153	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
(7) Spin coat the photoresist (AZ1512) onto the Si wafer surface at 4000 rpm for 1 min. 

(8) Pre-bake the Si wafer on the hot plate at 90°C for 30 minutes. 

 

Exposure 

(9) Expose the wafer using the EVG 610 semi-automated mask alignment system, with 

an UV light source of 450 nm wavelength and power of 500 W for 3.3 seconds. The 

exposure energy dose is 23 mJ/cm2. 

(10) Post-exposure bake (PEB) the Si wafer on hot plate at 100 °C for 10 minutes. 

 

Develop 

(11) Develop the Si wafer in the 3:1 AZ312 MIF developer: H2O solution for 60 seconds. 

(12) Rinse the wafer in DI water 3 times, spin dry. 
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APPENDIX B 

 

Electron-beam lithography (EBL) recipes 

 

Procedure: 

Prepare substrate 

(1) Cut the Si wafer into 2 cm × 2 cm square. 

(2) Clean the Si substrate with acetone. Blow-dry with N2. 

(3) Spin coat PMMA (6% solution in IPA) onto the Si substrate at 3000 rpm for 45 s. 

(4) Bake the substrate on hot plate at 180 °C for 90 seconds. 

(5) Scratch the 4 corners of the Si wafer using diamond scribe. 

(6) Mount the substrate on the sample holder with carbon tape. 

(7) Blow the substrate with N2. 

 

Load substrate 

(8) Mount the Gold Nanoparticle Standard and the Ferriday Cup on the sample holder. 

(9) Put the switch of the FEI XL-30 SEM from “A” to “C”, C for conducting. 
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(10) Pump down the SEM chamber. 

 

Prepare the SEM 

(11) Connect the picoammeter to the SEM port in front of the chamber door. 

(12) Power on the picoammeter. Wait for 5 s and press “ZCHK” to put it in the “nA” 

range. 

(13) Connect the NPGS bundle to the SEM control board. 

(14) Switch data box to “NPGS” and monitor to “2”. 

(15) Set the beam to 30 kV and spot size 3. 

(16) Turn on the electron beam. 

 

Beam optimization and current measurement 

(17) Focus and stigmata on gold nanoparticles at 6.5 mm forward distance and 100,000× 

magnification. 

(18) Use stage “tracking mode” and move to the Ferriday Cup.  

(19) Center and magnify the 70 µm hole at the center of the Ferriday Cup. Go to 

maximum magnification at the hole. 

(20) Wait for current reading on the picoammeter to stabilize. 
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(21) Input the values of the current (spot 1, spot 3 and spot 5) in the NPGS run file. 

 

Point focus and planar fitting 

(22) Use stage “tracking mode” to move to corner #1 of the Si substrate. 

(22) Change SCAN to Slow Scan 2 and select stage “Get Mode”. 

(23) Select a clean edge and center in field. Magnify and re-center clean edge to reach 

2000×. 

(24) Raise the stage manually with the “Z” knob on the chamber door to focus on the 

PMMA edge. 

(25) Magnify to 8000× and fine adjust stage height manually by focus. 

(26) Click Magnification > Reference, change from “Videopoint” to “Display”. 

(27) In the NPGS software, select Command > Direct Stage Control, collect the position 

of corner #1. 

(28) Zoom out and move to corner #2, switch to Slow Scan 2. 

(29) Focus with mouse at 8000× magnification on a clean edge of the PMMA. Collect the 

position of corner #2. 

(30) Repeat previous steps for corner 3 and corner 4. 
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(31) In the NPGS software, perform a planar fitting after the positions of corner #1-4 are 

collected. If the RMS value is smaller than 0.02, the planar fitting is good enough for the 

exposure. 

 

Prepare the NPGS software for Run 

(32) Turn on the External Beam Blanker.  

(33) Change the Scan mode of the SEM from “Full Frame” to “External XY”. 

(34) In the NPGS program, under “Command”, choose “Calibrate DACs” and wait for 40 

seconds. 

(35) Press DAC [+3.6, +5.0] button. 

 

(36) In the NPGS software, choose your runfile and right click to check the parameter 

settings. 

(37) For Fe ring samples with Dout and Din/Dout variation, the magnification of writing is 

set at 3600×, using post size 1, point-to-point distance of 10.3 nm and line-to-line 

distance of 10.3 nm. The pattern covers an area of 60 µm× 60 µm. The exposure dosage 

of the PMMA layer is between 50 ~ 500 µC/cm2, however, the dosage of a specific 

pattern is usually determined by a dosage test in advance.  

  The detailed recipe for the device fabrication is discussed in detail in Chapter 7. 
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Process the run file  

(38) Move the sample stage to the center of the substrate and process the runfile in NPGS 

software. 

(39) After writing, turn off the electron beam, vent the chamber and take the sample out. 

 

Develop the pattern 

(40) Immerse the substrate is into the 1:3 MIBK to IPA developer for 70 s  

(41) Rinse the substrate in IPA solution and blow dry with nitrogen gas. 
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APPENDIX C 

 

Energy density calculation of the vortex state, single-domain state and axial state 

 

  We use the LLG micromagnetic simulator software to calculate the energy density of 

the vortex state, single-domain state and axial state of Fe ring structure with Dout varying 

from 30 nm to 1000 nm, Din/Dout from 0.1 to 0.9, tFe/Dout from 0.1 to 1.0. Since there are 

3 independent variables (Dout, Din/Dout, tFe/Dout) determine the energy density, we fix one 

variable and plot the energy density as a function of the other two variables: 

 

(1) Dout fixed, E vs. Din/Dout and tFe/Dout: 
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(2) Din/Dout fixed, E vs. Dout and tFe/Dout: 
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(3) tFe/Dout fixed, E vs. Dout and Din/Dout: 
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APPENDIX D 

 

Effect of different materials on the magnetic ring structures  

 

  In this thesis, we have discussed the magnetic properties of polycrystalline Fe ring 

structures. In these polycrystalline Fe ring samples, the easy axes of each small grains are 

randomly distributed and cancel out with each other, so on the macroscopic level the 

polycrystalline Fe rings are isotropic. However, if the intrinsic magnetocrystalline 

anisotropies of the material do not effectively cancel out, such as in the epitaxial Fe or Co 

thin films, then the magnetic ring structures form some distinct magnetic states as shown 

in the figure below: 

 

Figure (a) shows the micromagnetic simulated domain image for Dout=500 nm 

polycrystalline Fe ring structure at remanence is a vortex state. Figure (b) shows the 

remanence state for Dout=500 nm epitaxial Fe ring structure, with its easy axes of the 

cubic magnetocrystalline anisotropy along the horizontal and vertical directions, is a 4-

domain state.  Figure (c) shows the remanence state for Dout=500 nm epitaxial Co ring, 

with its easy axis of the uniaxial magnetocrystalline anisotropy along the vertical 
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direction, is a bi-domain state. Therefore, the intrinsic magnetocrystalline anisotropy of 

the magnetic material can affect the magnetic states the ring structures form. 

  Besides the magnetocrystalline anisotropy, different values of saturation magnetization 

Ms and exchange stiffness constant A can also affect the magnetic properties of the ring 

structures. Here we use polycrystalline Permalloy (Fe0.2Ni0.8) with Ms= 800 emu/cm3, 

A=1.05 µerg/cm (compared with Fe: Ms=1714 emu/cm3 and A=12 µerg/cm) as an 

example to show how the energy densities of vortex state, single-domain state and axial 

state change with respect to the ring size (Dout), width (Din/Dout) and aspect ratio (t/Dout). 

(1) The effect of ring size (Dout) in Permalloy (Py) ring structures: 

 

 

As shown in the figure above, the energy densities of different magnetic states in Py rings 

are plotted in orange, while their Fe counterparts are plotted in blue. The energy density 

of the vortex states is plotted with square symbol, while the single-domain state use circle 

and axial state use triangle.  
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  From the figure, the evolution trends of the energy density in Py rings are the same as in 

Fe rings. The energy density of vortex state is decreasing with Dout, while the energy 

density of single-domain state and axial state stays constant. However, the energy density 

of vortex state, single-domain state and axial state are lower than in Fe ring. Increasing 

Dout favors the formation of vortex state in both Py and Fe rings, but the transition size 

from single-domain state to vortex state in Py is larger than in Fe ring. 

 

(2) The effect of ring width (Din/Dout) in Permalloy (Py) ring structures: 

 

  Although in both Py and Fe rings, the energy density of the vortex state and axial state 

decrease with Din/Dout, the energy density of the single-domain state increase with 

Din/Dout. The energy densities of all these three states are lower in Py rings than in Fe 

rings. Increasing Din/Dout. favors the formation of vortex state and axial state.  
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(3) The effect of ring aspect ratio (t/Dout) in Permalloy (Py) ring structures: 

 

  In both Py and Fe rings, the energy density of the vortex state stays constant as t/Dout 

changes. The energy density of single-domain state increases with t/Dout while the energy 

density of the axial state decrease with t/Dout. The energy densities of all these three states 

are lower in Py rings than in Fe rings. Increasing t/Dout favors the formation of vortex 

state and then axial state. 

 

  As a conclusion, in other polycrystalline materials with different saturation 

magnetization Ms and exchange stiffness constant A values, the evolution of energy 

densities of vortex state, single-domain state and axial state are same in trend as in Fe 

rings. The energy density of the vortex state increases with Dout, Din/Dout and is 

independent with t/Dout.  The energy density of the single-domain state is independent 

with Dout, while increase with Din/Dout and t/Dout. The energy density of the axial state 

shows the opposite trend of the single-domain state. However, the energy densities of all 
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these three states are lower in Py compared with Fe. The critical transition points between 

these three states are also different in values. 


