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Nanostructured magnets have attracted great interest recently due to their

new magnetic properties, which are completely different from those in the bulk, and

their potential application in device miniaturization approaching the Tbit/in2 recording

density. In this thesis, we have fabricated sub-100 nm magnetic dots covering over 1 cm2

area by electron-beam evaporation using self-assembled nanopores in anodized alumina

as a shadow mask. Due to the large pattern coverage, and high degree of uniformity in

both dot size and periodicity, magnetic measurements of such a dot array can be used to

investigate the magnetism of a single dot of the average size. For Fe dots with a thickness

of 20 nm, we find a transition from a single domain to a vortex state as the dot diameter is

increased up to 60 nm. This single domain to vortex state transition has also been studied

by the first order reversal curve method, which quantifies the magnetic phase fractions

and distributions of vortex nucleation and annihilation fields. A magnetic vortex core size

of 16±3 nm, which is close to or even smaller than the magnetic force microscopy (MFM)

resolution, is measured by polarized neutron reflectivity measurements and verified by

micromagnetic simulations.

In addition to applications in magnetic memory systems and ultrasmall mag-

netic field sensors, magnetic nanostructures can also be used as the artificial pinning

centers for superconducting vortices. We have observed asymmetric superconducting

flux pinning effects with first matching fields above 2 kOe. Most importantly, we find

that the properties of a magnetic vortex can be imprinted into transport properties of ad-

jacent Al superconducting thin films, with dots’ magnetic reversal events imprinted and

magnified in the superconducting behavior. Chemical sensing and biosensing in porous
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alumina films, which exhibit more easily controlled pore sizes and higher chemical sta-

bility as compared to other porous materials, is studied using optical interferometry.

The measured vapor capillary condensation and adsorption-desorption hysteresis is in

qualitative agreement with theoretical models and a variety of simulations.

xvii



I

Introduction

Nanostructured magnets have recently attracted great interest due to their new

magnetic properties, which are completely different from those in the bulks, as well as

their potential applications in device miniaturization towards the Tbit/in2 recording

density. [1–4] In addition, nanoscale studies may shed light on the heavily investigated

mechanism of exchange bias existing in ferromagnet (FM)-antiferromagnet (AF) bilayers.

[5–9] Fabrication of sub-100 nm FM single layer and FM/AF bilayer nanostructures offers

a great opportunity for research on fundamental magnetism and exchange bias effects

at the nanoscale. [10] With the above motivation, my research dissertation is mostly

focused on the fabrication and investigation of magnetic nanostructures.

In this work, we fabricate magnetic nanodots withs 25-130 nm size by using an-

odic porous alumina as a shadow mask for evaporative deposition (Chapter II). [11] With

the pattern size comparable to the FM domain size, the transition from single domain

to vortex state has been observed with increasing dot diameter. These are character-

ized by magnetic measurements (shown in Chapter III) and also theoretical calculations

(shown in Chapter IV). Beyond the magnetic properties of magnetic nanostructures,

the interaction between the magnetic dots (antidots) and the adjacent superconductor

film is also investigated, as shown in Chapter V. In these systems, we have observed

the conventional superconductor flux pinning effect. In addition, we also find for the

first time that the properties of magnetic nanostructures can be imprinted into the ad-

jacent superconducting layer. Finally, other applications of the porous alumina mask, in

1
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the field of chemical and biosensors, are also given in Chapter VI. Below I will give a

brief introduction of the superparamagnetic limit and patterned media, nanomagnetism,

exchange bias, and superconductor flux pinning effect, which will be discussed in this

thesis.

I.A Superparamagnetic limit and bit patterned media

Figure I.1: Progress of magnetic recording density since invention of the first hard disk
drive (Moser et al., 2002).

Magnetic recording was first predicted by Oberlin Smith in 1888 Electrical

World, and implemented on the first working magnetic recorder, called a telegraphone

consisted of wires wrapped around a drum. Since then, various magnetic recording sys-

tems have been developed. Currently, magnetic data storage systems, especially the hard

disk drives, have become the dominant information storage system. The first magnetic

hard disk drive in the world, known as the “RAMAC”, was released by IBM in 1956

with a storage density (total number of bits per lateral area) of 2 Kb/in2. With the

continuous growth of digitized world, the recording density has dramatically increased,

with the maximum capacity doubling in recent years, as shown in Fig. I.1. To meet

future demands, a magnetic storage system with higher capacity and reliability has to
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be built. [12,13]

Figure I.2: Transmission electron microscopy image of a typical thin film CoCrPtB
recording media. The inset schematically shows a magnetic transition meandering be-
tween the grains, which results in the transition noise (Moser et al., 2002).

Current magnetic recording media is mostly made of magnetic thin films. [14,15]

A typical thin film media is composed of Co dominant polycrystalline alloys, with a

grain size of 15-30 nm. This grain structure results in two different media noises: the

particulate noise, due to nonuniformity of grain sizes and magnetic anisotropy, and the

transition noise, due to irregular zigzag-shape transition along the bit boundary, as

shown in Fig. I.2. The signal to noise ratio (S/N), which directly affects the hard drive

readability and liability, is roughly proportional to the square root of the grain number

N within one single bit area. Thus, a sufficiently large number of grains are required for

a reasonable S/N. For example, a single bit size in Seagate 250 Gb/in2 recording media is

approximately composed of 65 grains. A higher recording density demands scaling down

of the bit size, which correspondingly results in a reduction of grain size while keeping

the same grain number. [16] This reduction of grain size finally leads to a deterioration of

recording stability due to thermal fluctuations, well known as the superparamagnetism.

To clarify the superparamagnetic limit, we take the recording process of a single

grain as an example. The magnetic data is stored by saturating the grain with two
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Figure I.3: Schematic of energy barrier used to stabilize magnetic states (Eisenmenger
et al., 2003).

opposite directions, as shown in Fig. I.3. These two magnetic states are stabilized by an

energy barrier, which is proportional to the product of the magnetic anisotropy energy

per volume (KU ) and the volume of the grain (V). The stability of a recording state is

mostly characterized by the Néel-Arrhenius equation

t = t0exp(KUV/kBT ) (I.1)

where t is the magnetic reversal time, t0 is a time constant with the value of ∼ 10−9 −
10−12 sec, and kB is the Boltzmann constant. To keep the magnetic states stabilized

for more than 10 years, the value of KUV/kBT has to be larger than 40. For a typical

spherical iron particle, with the anisotropy of KU = 4.8×104 J/m3, a minimal diameter of

19 nm is required to satisfy the 10-year magnetic stability. Due to this superparamagnetic

limit, the achievable maximal recording density is approximately 100 Gb/in2, assuming

the conventional longitudinal recording geometry.

To overcome the superparamagnetic limit, several strategies have been imple-

mented. One thought is to select magnetic materials with high anisotropy as the record-

ing media. However, high magnetic anisotropy requires a corresponding large writing

current to saturate the grains, which results in heating related problems in the write

head and recording media. Another widely investigated method is that of perpendicular

recording, in which magnetic information is recorded along the out-of-plane easy-axis,

with the shape anisotropy enhanced with the reduction of lateral bit size. So far, the

perpendicular recording has been proved a good candidate for a high density recording
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system, and has been on the market since 2006. [17] However, theoretical calculation

predicts that this perpendicular recording system can only push the density up to 0.5-

1.0 Tb/in2. [18] To reach a recording density well above 1 Tb/in2, alternative recording

methods must be employed.

Among them, one such candidate is bit-patterned recording media, which is

composed of regular magnetic nanodot arrays. [18, 19] The high uniformity of dot size

and anisotropy and precisely controlled dot locations prevent the recording media from

developing the conventional media noises. Thus, one bit size can be composed of only

one single dot, with magnetic saturation along either the in-plane or out-of-plane direc-

tion. Compared to the one bit area composed of 65 grains in conventional recording

media, the recording density of bit-patterned media with the same dot volume as the

average value of grains will be increased up to 65 times. Other methods that can be

used to overcome the superparamagnetic limit are exchange coupling anisotropy from

an adjacent antiferromagnetic layer, and heat assisted magnetic recording. It has been

widely accepted that the heat assisted patterned media is a promising candidate for the

next-generation ultra-density recording media. [18,20]

I.B Nanomagnetism

I.B.1 Magnetic spin configurations in nanostructures

Figure I.4: The vortex state containing a vortex core observed in permalloy (Py) dots
with a thickness of 40 nm and diameter ranging from 300 nm to 1 μm (Shinjo et al.,
2000).
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Figure I.5: Phase diagram of magnetic spin configurations as a function of dot diameter
and thickness (Buda et al., 2002).

Besides its potential application in magnetic recording systems, the fabrication

and investigation of magnetic nanostructures is also essential towards a clear understand-

ing of the basic mechanism behind nanoscale magnetism. Unlike the intrinsic magnetic

properties, which are assumed constant as the bulk values with a length scale close

to or above 1 nm, the extrinsic properties, such as magnetic hysteresis, domain struc-

tures, and coercivity, are very sensitive to the size of the magnets. In bulk magnets

or magnetic thin films, multidomain structures are formed to reduce the magnetostatic

energy. When the magnetic pattern size is comparable to the magnetic domain wall

width (
√

K/Ms for Bloch wall width) but still well above the superparamagnetic limit,

the multi-domain structure becomes energetically unfavorable. Instead, the single do-

main state, in which all spins point along a same direction in order to reduce the domain

wall energy, is exhibited within the nanometer scale magnetic pattern. For a circular

magnetic nanopattern, the magnetic spins may curl up along the circular edge to reduce

the magnetostatic energy, which results in a circular spin configuration known as vortex

state. [21, 22] When the magnetic dots stay in the normal vortex state (demagnetized

state), the spins curl in-plane around the center of the dot, pointing out-of-plane either

up or down (vortex polarity) at the core, which has been directly viewed by magnetic

force microscopy (MFM) [shown in Fig. I.4] and spin polarized scanning tunneling mi-

croscopy. [21,23–25]
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This circular spin configuration results in a reduced squareness of the hysteresis

loop as well as reduced magnetic remanence, which negatively affects the conventional

magnetic recording system as it requires high remanence for signal recovery. However,

the closure of spins dramatically reduces dipole interactions between the neighboring

patterns, and thus favors the increase of recording density. In addition, the chirality of

in-plane spins surrounding the vortex core, which can be manipulated by cutting an edge

from the dot and applying the magnetic field along the cut-edge, and the polarity of the

vortex core can both be used for the information coding. Taking this into consideration,

2 bits of information can be recorded in one single dot with a vortex state, rather than

the 1 bit of information obtained by conventional recording patterns, such as dots with

a single domain state. Thus, the nanodots with a vortex state have been considered as

a good candidate for magnetic recording (memory) patterns.

The critical size which corresponds to the transition from a single domain to a

vortex state can be given as [2]

Rsd =
36
√

AK1

μ0M2
s

= 36klex (I.2)

with k =
√

K1/μ0M2
s and lex =

√
A/μ0M2

s where A is the exchange coefficient, K1 is

the magnetocrystalline anisotropy, Ms is the saturation magnetization, and lex is the

exchange length, below which atomic exchange interaction dominates the magnetostatic

fields. The static and dynamic properties of the single domain and vortex states have

been widely investigated by both theoretical calculations (analytical calculations and

numerical simulations) [26–29] and experimental measurements using Magneto-Optical

Kerr Effect (MOKE) magnetometer, MFM, SP-STM, etc, [21,23–25] as shown in Fig. I.4.

Phase diagrams of various spin configurations (Fig. I.5) have been given as a function of

dot diameter and thickness. [28, 30] However, most of the studies were mainly focused

on the scale well above 100 nm due to the fabrication limits and equipment resolution.

In this work, the magnetic dots fabricated using anodic porous alumina cover

an area well above 1 cm2, thus the magnetic properties of the nanodots array can be

measured by various techniques, including SQUID and vibrating sample magnetometry,

polarized neutron scattering, ferromagnetic resonance, etc. For these arrays, with dot

periodicity about twice the dot diameter, the interaction between the dots can be ne-
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glected. [31–33] Since the 10% standard deviation in the dot size and periodicity and

4 nm standard deviation in the dot height are relatively small, magnetic measurements

of such a dot array can be used to investigate the magnetism of a single noninteracting

dot. [11]

I.B.2 Micromagnetic simulation and Monte Carlo simulation

However, a clear image of magnetic spin configurations in a single dot cannot

be completely understood by the magnetic hysteresis loops. Therefore, additional sim-

ulations, including Monte Carlo simulation and micromagnetic simulations, are crucial

for the understanding of the nanomagnetism. In this work we perform micromagnetic

simulations with the NIH OOMMF code, [34] which is based on the Landau-Lifshitz

equation:

d �M

dt
= − |γ| �M × �Heff − γα

Ms

�M × ( �M × �Heff ) (I.3)

where �M is magnetization, �Heff is the effective field, γ is the Landau-Lifshitz gyromag-

netic ratio, and α is the damping coefficient. The effective field is defined as

�Heff =
−∂Etot

μ0∂ �M
=

−∂(Eexch + Eanis + Edem + Ezeem)

∂ �M
(I.4)

where Eexch, Eanis, Edem, Ezeem are exchange energy, magnetocrystalline anisotropy,

demagnetization energy, and Zeeman energy, respectively.

To simplify the calculations, the magnetic pattern, whose shape can be defined

by an image file, is uniformly divided into rectangular cells with square in-plane cross-

section. The lateral size of the cells has to be well below the exchange length, and thus

all the spins inside the single cell always uniformly point along the same direction and

can be resembled by a single spin. In this work, most of the calculations are based on a

2-dimensional model, which assumes cell thickness to be the same as that of the pattern.

In addition, a 3-dimensional model, which allows for uniform cell thicknesses to differ

from the pattern height, is implemented when the thickness dependence is calculated.

With this simplification, the exchange energy of the cell i can be given as

Ei
exch =

∑
i Aij(�mi · (�mi − �mj))/(Δ2

ij), where Aij is the exchange coefficient between

cells and regarded as a constant A in this work, j represents the six nearest neighbor
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cells, �mi is the magnetization vectors, and Δij is the distance between the cells. The

demagnetization energy is obtained by calculating the self-magnetostatic (demagnetiza-

tion) field of each cell with the assumption of uniform magnetization inside the cells.

With the magnetization vectors of the cells preset as �mi, the new magnetization vectors

are obtained by the Landau-Lifshitz equation, which will be used as the initial magneti-

zation vectors in the new calculation. The continuous calculation produces the final spin

configurations when the control point, which can be either d �M/dt or �M × �H, is reached.

Monte Carlo simulations are carried out using the Metropolis algorithm that

includes local dynamics and single-spin flip methods. [31,35–37] The internal energy Etot

of a single FM nanodot with N magnetic moments can be written as

Etot =
1
2

∑
i�=j

(Eij − Jij μ̂i · μ̂j) + Eh (I.5)

where the dipolar energy is

Eij =
�μi · �μj − 3(�μi · n̂ij)(�μj · n̂ij)

r3
ij

(I.6)

and rij is the distance between �μi and �μj, and n̂ij is a unit vector along the direc-

tion that connects the two magnetic moments. Jij is the exchange coupling, which is

assumed to be nonzero only for nearest neighbors. μ̂i is a unit vector along the direction

of �μi, and Eh =
∑N

i=1 �μi · �H is the Zeeman energy. For a granular Fe, the parame-

ters of |�μi| = μ = 2.2μB , a lattice parameter a=2.8 Å and J=42 meV, give a Curie

temperature for bulk Fe (1043 K), which is in good agreement with experiment. [38]

The new orientation of the magnetic moment is chosen arbitrarily with a probability

p = min[1, exp(−ΔE/kBT )], where ΔE is the change in energy due to the reorientation

of the spin, kB is the Boltzmann constant, and T is the temperature. The number of

Monte Carlo steps are changed until a fair agreement with the experimental results is

obtained. Typically, we perform 3.4×105 Monte Carlo steps per spin for a complete

hysteresis loop, and 5-20 different seeds for the random number generator, depending

on the needs of each calculation. The calculations are simplified using a scaling tech-

nique that scales down the exchange interaction by a factor x < 1, i.e., J ′ = Jx, and

the dot diameter and height given by D′ = Dxµ and H ′ = Hxµ, respectively, with

μ < 0.55. [31,35–37]
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I.C Exchange bias

Figure I.6: Schematic of different spin configurations in ferromagnetic and antiferromag-
netic layers for different stages of the magnetic hysteresis loop (Nogués et al., 1999).

Exchange bias is a unidirectional anisotropy that exists at the interface between

FM and AF materials, which was firstly discovered by Meiklejohn and Bean in Co

particles surrounded by CoO shells. [39–41] When this FM/AF exchange-coupled system

is field cooled through the Néel temperature of AF materials, the magnetic hysteresis

loop of FM material is shifted, mostly in the direction opposite to the cooling field, due

to a pinning force from the AF layer. [7, 8] This pinning effect can be used to stabilize

the FM material along a particular direction and thus may be used to stabilize the

magnetic recording media and thus overcome the superparamagnetic limit. [42–45] In

addition, exchange coupling has also been used in the GMR (spin valve) read head, and

magnetic sensors due to its capability of tuning FM magnetization. [46,47] With this in

consideration, exchange-biased systems have been widely investigated for the past two

decades.

The mechanism of exchange bias was firstly explained by Meiklejohn and Bean
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with the assumption that the spins in FM rotate coherently and the spins of the AF

layer are frozen. The schematic of different spin configurations in FM and AF layers at

the different stages of magnetic hysteresis loop is shown in Fig. I.6. By minimizing the

total magnetic energy, the exchange bias was obtained as

He =
2JSFMSAF

a2MFM tFM
(I.7)

where J is the interlayer exchange coefficient between FM and AF layer, SFM(SAF ) is the

spin of FM (AF) atoms, MFM (tFM) is the saturation magnetization (thickness) of FM

layer, and a is the lattice constant. This model indeed explains many important results,

such as the thickness dependence of the exchange bias values. However, this simplified

model overestimates the interlayer exchange coupling with the calculated exchange bias

by one order of magnitude as compared to the experimental value and cannot explain

the striking enhancement of coercivity. To address the big discrepancy between the

calculation and experimental values, more complicated models have been proposed. [48–

54] However, to date, a clear understanding of the exchange bias is still missing.

I.D Pinning of superconducting vortices

Superconducting materials can be divided into two categories. For type-I super-

conductors, the transition from the superconducting state to the normal state occurs at

a critical magnetic field Hc. Below that critical field, the materials stay in a supercon-

ducting state with the magnetic flux completely expelled from the superconductor. For

type-II superconductors, complete flux expulsion is exhibited at a magnetic field below

Hc1. However, when the magnetic field lies between the critical fields Hc1 and Hc2, the

flux is only partially excluded, with superconducting vortices forming and trapped at

defects, as shown in Fig. I.7 (a). Here I want to emphasize that the vortices in supercon-

ductor are formed by supercurrents, rather than magnetic spins as in the magnetic vortex

state. To avoid confusion, I will use “superconducting vortices” to indicate the vortices

in superconductor, while using “vortices” or “magnetic vortices”to indicate magnetic

vortex states. For the type-II superconductors, the motion of superconducting vortices

due to weak trapping can result in increased resistance thus deteriorating the supercon-

ducting properties [Fig. I.7 (b) and (c)]. The flux pinning (also named as pinning of
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Figure I.7: (a) Schematic of the formation of superconducting vortices with penetration
of magnetic flux into superconducting layer. Magnetoresistance measurements of super-
conducting film (b) without and (c) with patterned pinning centers, with dips represent-
ing the superconducting vortices pinning effect.
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superconducting vortices) at the matching (commensurate) fields Hn by periodic dots or

antidots can increase the stability of superconducting vortices and thus enhance the crit-

ical properties of superconductors, such as the critical current (a limiting current that

a superconductor can support). [55–59] The first matching field H1 with hexagonally

distributed pinning centers, is equal to 4Φ0/(3
√

3l2), where l is the lattice distance of

the pinning centers. The flux pinning can be measured by either magnetoresistance mea-

surements or by magnetometry as a function of external magnetic field, with the pinning

fields corresponding to dips in resistance or peaks in magnetization, respectively.

The artificial flux pinning centers are mostly fabricated by electron beam litho-

graphy. The high cost and small pattern coverage of this technique limits its practical

application for the enhancement of superconducting properties. In addition, the large

pattern spacing results in the small matching fields, which limits the usage especially

in the case of high magnetic field. With the above consideration, other nanofabrication

techniques, such as self-ordering patterns and nanotemplates, have been implemented.

In our work, the magnetic pinning centers (FM nanodots and antidots) are patterned

through the use of self-ordered porous alumina masks, with a spacing of around 100

nm, which gives the first matching field above 2 kOe. Unlike the very small temperature

range close to Tc with regular pinning centers fabricated with electron beam lithography,

a broad temperature range of 4-6.5 K is obtained in our samples. [55,60,61]

The imprinting of the magnetic spin configurations of FM dots into its adjacent

AF layer, with the exchange coupled system cooled through TN of the AF material, has

been intensively investigated. In this work, we have found that the properties of mag-

netic vortices can be imprinted into the transport properties of superconducting (Al)

thin films. [62] This dramatically modifies the behavior of the superconductor, for which

magnetoresistance and magnetization show simultaneously reversible or irreversible be-

havior. Detailed discussion will be shown in Chapter V.
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Nanofabrication

II.A Introduction

A variety of methods have been used for nanofabrication, including electron

beam lithography, optical lithography, and self-assembled nanostructures. The low

throughput and high cost of electron beam lithography and focused ion beam lead to lim-

ited applicability for the fabrication of nanopatterns over a large area. Although optical

lithography has high throughput, the smallest size of features that can be produced is

limited by the long optical wavelength. [10,63–68] Nanoparticles with the size well below

10 nm have been fabricated through self-organization. However, this technique is only

suitable for specific material systems. [69,70] Among many other nanofabrication meth-

ods, a promising technique is based upon using masks with sub-100 nm self-assembled

pores. [71–75] Such masks, for example, can be fabricated by the anodization of alu-

minum under appropriate experimental conditions.

Anodic porous alumina has been widely investigated for more than 5 decades.

However, due to its less controlled pore size and regularity, it was mainly used as a

dielectric material, corrosion protection, and dye carrier. A great improvement with high

self-ordered porous structure in large domains was first achieved by Masuda and Fukuda

in 1995 [72] after a sufficiently long anodization under appropriate conditions. A two-step

anodization process and prestamping have also been implemented to further improve the

regularity of the pores. Although the basic formation mechanism of self-ordering of pores

14
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is not completely understood, a simple explanation has been given by considering the

interaction between the pores. Accompanying the formation of porous structures, the

aluminum film is transformed into an aluminum oxide which has a reduced density, thus

corresponding to a volume expansion. This volume expansion leads to repulsive forces

between neighboring pores, thus promoting the formation of a hexagonal arrangement

of nanopores. [76]

One important advantage of anodic alumina is its adjustable pore size and

distance, both of which are proportional to the applied anodization voltage. By adjusting

the anodization conditions, arrays of nanopores with uniform and tunable pore diameters

ranging from 10 to 200 nm, and distances ranging from 20-500 nm have been obtained. In

addition, the low cost, high stability, and large coverage (more than 1 cm2) demonstrate

the potential application of porous alumina (AlOx) masks for nanostructure fabrication.

Previously, alumina membranes obtained from the anodization of thick (>100

μm) aluminum foils were mostly used for the fabrication of nanowires. [71,77–83] These

nanowires were grown by electrodeposition, which cannot be easily adapted for the

fabrication of planar nanodots with controlled and uniform thickness. Moreover, this

method requires transfer of the alumina membranes onto a substrate. Insufficient ad-

hesion between the membrane and substrate, mask corrugation, delamination and gen-

eral transfer problems reduce the reproducibility and uniformity of the fabricated struc-

tures. [45,84–88] In this work, we fabricate magnetic nanodots using porous masks pro-

duced by anodization of Al films grown directly on substrates. This mitigates many

problems related to transfer of membrane onto the substrate [11, 89]. By tuning the

anodization parameters, dot arrays with average dot size and periodicity of 25-130 nm

and 45-200 nm, respectively, have been fabricated. The highest nanopore density ex-

ceeds 1012 per square inch, thus approaching the holy grail of high-density magnetic

media with a density of 1 Tbit/in2. [18, 63,90]



16

II.B Fabrication of self-ordered porous alumina masks on

semiconducting and insulating substrates

II.B.1 Growth of Al films

Polished n-type (100) Si wafers (1-10 Ω·cm) are used as the semiconducting

substrates. The n-type silicon substrate is moderately resistant to the acids used in

processing and has a high enough conductivity to be used as an anode. [84] The sub-

strate is first ultrasonically cleaned for 15 min using first acetone and then methanol. It

is then etched in 25 wt% HF solution for 2 min, in order to remove the native silicon

oxide and improve adhesion between the deposited aluminum film and substrate. All

aluminum pellets in the four liners are pre-melted prior to film growth, thus minimiz-

ing the possibility of evaporating interfacial layers with different compositions during

the liner changing. During deposition, the chamber pressure is 2-9×10−7 Torr, and the

substrate temperature is kept between 0 ◦C and 25 ◦C using liquid nitrogen. Typically,

an aluminum film is deposited by electron beam (EB) evaporation (base pressure 1-

2×10−7 Torr) from 99.999% aluminum. An electron beam gun with four pockets is used.

Fabmate-carbon-coated graphite liners (from Kurt J. Lesker) are used to isolate the alu-

minum pellets from the copper crucibles, so as to reduce thermal loss during evaporation

and thus save electronic power. Optimally, each of the four liners has enough material

to evaporate a 2.5 μm film, thus making 10 μm the maximum film thickness attainable

without breaking vacuum. An evaporation rate of 2 Å/s is maintained throughout the

evaporation and monitored by a quartz crystal, which has been calibrated against small

angle X-ray relectivity measurements. Any higher evaporation rate in our setup deterio-

rates the film quality by creating rougher surfaces and is thus avoided. The films grown

this way with a thickness over 6 μm have a root-mean-square roughness of ∼10 nm as

determined by atomic force microscopy (AFM). Thus, no extra processing is performed

prior to anodization.

Alternatively, the aluminum film has also been grown in a sputtering system,

which has a 10-in diameter aluminum target. However, these films are found to be very

rough, which is probably due to too much heating from the hot plasma. In attempt to

improve the aluminum film quality, the Si substrate is mounted onto a Peltier element,
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with a liquid nitrogen trap used to remove the heat from Peltier element. The extra

substrate-cooling significantly improves the film quality, resulting in an improvement of

surface smoothness as well as a reduction of grain sizes. The anodization of some typical

films show that the regular porous structures are similar to those of EB-evaporated films.

However, the sputtering of aluminum is still not well controlled, due to unknown reasons.

Improvement of the aluminum sputtering system is still in progress.

II.B.2 Anodization of aluminum film on Si substrate

Figure II.1: Schematic of a computer-controlled aluminum anodization system.

Figure II.2: Schematic of two-step anodization for aluminum films. (After Ref. [11]).

The aluminum films are anodized using an Buehler electropolisher. A schematic

of the anodization system is shown in Fig. II.1. The temperature of the electrolyte (acid)

solution is controlled using a water cooler. During the anodization process, the acid
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Figure II.3: Anodization current (anodized under 40 V in 0.3 M oxalic acid) as a func-
tion of time for aluminum films on top of (a) n-Si substrate, (b) titanium coated n-Si
substrate, and (c) Au coated sapphire substrate. The blue arrows indicate that the
anodization reaches the substrates.
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Table II.1: Parameters of aluminum film anodization at 5 ◦C. (After Ref. [11]).

Electrolyte type Concentration Anodization voltage

(acid) (M) (V)

Oxalic 0.05 60-80

Oxalic 0.3 20-60

Sulfuric 0.3 25

Sulfuric 1.7 19

Sulfuric 2.6 10, 15

solution inside the tank is pumped up to the aluminum film by using a magnetic rotor

while a rubber O-ring is used both to avoid leakage of the acid solution and determine

the area to be anodized. A constant voltage is applied perpendicular to the aluminum

film with the Si substrate acting as the anode and a stainless steel plate as the cathode.

Voltage and current are automatically monitored by a Labview program during the

anodization process. Anodization of the aluminum film results in a transformation from

Al to Al3+, with 3 electrons leaving the aluminum film (ion current). The current

efficiency, which is defined as the ion current divided by the total anodization current,

was found to be close to 100%. [91, 92] Thus, the thickness of the anodized aluminum

layer is proportial to the total amount of electrons leaving from the aluminum film, which

can be calculated from the total charge passing through the anodized area. In order to

obtain ordered porous patterns of different sizes and periodicities, anodization voltages

of 10-80 V and various electrolytes (sulfuric acid or oxalic acid) are used, as summarized

in Table II.1. [76,93–95] In addition to the anodization voltage and electrolyte, a variety

of other factors affect pore ordering. Enhancement of pore self-assembly and improved

ordering will accompany a slower anodization process, which is attained by keeping the

electrolyte temperature at 5 ◦C. Continuous circulation of the electrolyte is used to keep

its concentration and temperature uniform. [76]

To improve pore regularity and control the thickness of the final porous masks,

we anodize the aluminum film in two steps, as shown in Fig. II.2. [85] In the first step,

the film is anodized to a certain depth as controlled by the Labview program, which stops
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the anodization process when the preset final thickness or time length is reached. After

the first anodization, an aqueous solution with 6.0 wt% phosphoric acid and 1.8 wt%

chromic acid at 60 ◦C is used to selectively remove the porous alumina layer, without

affecting the aluminum layer below. As a result, a regular dimple pattern is obtained

on the intact, non-oxidized aluminum layer. This aluminum layer, whose thickness is

measured by a Dektak profilometer, determines the final mask thickness. This mask must

be thick enough to ensure a good mask lift-off after deposition of the magnetic materials.

However, if the mask thickness (pore height) is much larger than the pore diameter, the

bottom of the pores becomes inaccessible to the evaporated materials (“shadow effect”).

Details of the shadow effect will be discussed in Section II.C.1. In the second step,

the patterned aluminum is anodized completely, using the same conditions as the first

anodization process, with pores nucleating in the dimples. The ordering and control of

the arrays obtained by this method are competitive with the much more expensive and

technically demanding stamping process.

After anodization of the aluminum film, an alumina “barrier” layer, with a

thickness proportional to the anodization voltage, is formed at the bottom of pores. The

thickness of the barrier layer can be decreased by gradually reducing the anodization

voltage to one forth of the original voltage after the anodization reaches the Si substrate,

which is indicated by a sharp decrease of anodization current, as shown in Fig. II.3

(a). [78] Subsequent 5 wt% phosphoric etching acid is used to completely remove the

alumina barrier layer. At the same time, the isotropic acid etching of alumina also reduces

the thickness of pore walls and thus widens the pore diameter at 16 nm per hour, without

affecting the pore periodicity. After removal of this barrier layer, additional phosphoric

acid etching can be used to further widen pores. The pore opening at the top can also

be reduced by depositing aluminum or silver on top of the alumina mask at an angle of

60◦ to the normal as confirmed by the reduced diameter of Fe dots fabricated using such

a mask.

The porous alumina masks are imaged using scanning electron microscopy

(SEM) after each stage of fabrication. An accelerating voltage of 20 kV and a probe

current of 3.0×10−9 A are used to minimize charging of the sample while providing high

enough resolution. Two SEM images of a typical porous alumina mask anodized at 40



21

Figure II.4: Typical scanning electron microscopy (SEM) images of a porous alumina
mask (40 V) with magnification of (a) 35,000 and (b) 90,000. Structural characterization
of the porous mask shown in (b): (c) diameter distribution (average 63 nm, standard
deviation 6 nm); (d) periodicity distribution (average 101 nm, standard deviation 12
nm); (e) number of nearest neighbor pores (5.97, standard deviation 0.18); (f) angle
between the directions to nearest neighbor pores (59.9◦, standard deviation 10.6◦); and
(g) pore shape analyzed by fitting the pores as ellipses. The average length ratio (minor
axis/major axis) of the ellipses is 0.85, with standard deviation of 0.11. (After Ref. [11]).
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Figure II.5: (a) Fast Fourier transform (FFT) image of the porous structure shown in
Fig. II.4(b). (After Ref. [11]). The pore periodicity (∼98 nm) calculated from the FFT
spots distance agrees well with the result shown in Fig. II.4(d). (b) Auto correlation
image of the porous structure and (c) plot profile along the green line. The peaks in the
plot profile correspond to the periodicities of pores (103 nm). Red line is an exponential
fit to the peak intensity, which shows the correlation length of the porous structure to be
above 400 nm. Both the FFT image and auto correlation analyses are consistent with a
hexagonal ordering for the nanopores.
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V in 0.3 M oxalic acid are shown in Fig. II.4 (a) and (b). To characterize the porous

structures, grayscale SEM images are converted to binary black-and-white images. The

pixels with grayscale values exceeding a threshold are set to black, all others are set to

white. The threshold values are manually chosen so that the black areas in the black-

and-white images reproduce the pores in the original grayscale images. The NIH ImageJ

software package is used to measure the sizes, shapes and center positions of the pores

from the black-white images. [96] Pore periodicity (center to center distance between

nearest-neighbor pores), number of nearest-neighbor pores and angles between direc-

tions to neighboring pores are calculated from the positions of pore centers. Analysis of

the image in Fig. II.4 (b) shows that the pores have an average diameter of 63 nm and

average periodicity of 101 nm, with a standard deviation for both less than 10% [Fig. II.4

(c) and (d)]. The number of nearest-neighbor pores (5.97) and angle between the direc-

tions to neighboring pores (59.9◦) are consistent with a regular hexagonal arrangement

[Fig. II.4 (e) and (f)]. Here, we do not include the pores close to the image boundary

since they do not have all nearest neighbors within the image. The pore shapes are

analyzed by fitting them as ellipses. The average length ratio (minor axis/major axis)

of the ellipses is 0.85 [Fig. II.4 (g)].

The regularity of the porous structure is also investigated in frequency space

with the 2-dimensional Fast Fourier Transform image (FFT) of Fig. II.4 (b) shown in

Fig. II.5 (a). The six spots confirm a regular hexagonal arrangement of the pores.

The pore periodicity (∼98 nm) calculated from the FFT spots distance is in excellent

agreement with the result shown in Fig. II.4 (d). The porous regularity can also be

characterized by the correlation length, [97] with the 2-dimensional auto correlation

image shown in Fig. II.5 (b). The plot profile along the green line [shown in Fig. II.5

(b)] is given in Fig. II.5 (c), with peaks corresponding to the periodicities of pores (103

nm). The red line is an exponential fit to the peak intensity, which shows the correlation

length of porous structure to be above 400 nm. Both the FFT image and auto correlation

analyses are consistent with a hexagonal ordering of nanopores.

The porous mask in this work exhibits a lower degree of regularity than earlier

self-supporting alumina membranes, due to a smaller thickness of the aluminum film used

in this paper as compared to the several hundred micron thick aluminum foils used in
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other references. [73,74,85] For thicker aluminum layers, a higher order and narrower pore

size distribution is found for the same anodization conditions. Further improvements in

ordering, required for industrial applications, can be achieved by additional pre-stamping

of the aluminum surface. Considering the high cost of stamps made by electron beam

lithography, we have tried to use the ordered nanodot arrays, fabricated by using the

self-ordered porous alumina as shown in the next section, as the stamp. Fig. II.6 gives

a typical stamp composed of SiO2 dot arrays with a thickness of 100 nm. Successful

pattern transfer from stamp to aluminum film surface has not been obtained so far,

probably due to the weak stiffness of SiO2. A thin layer of tungsten can be sputtered on

top of the SiO2 dots in order to improve the stamp stiffness. [84]

Figure II.6: Typical SEM image of a stamp composed of 100 nm-thick SiO2 dots, fabri-
cated by using the porous alumina mask anodized at 40 V.

During the anodization process, pore periodicity and diameter can be mani-

pulated by tuning the anodizing voltage. To achieve alumina masks with much larger

pore size and periodicity, the aluminum films must be anodized at much higher voltages

and in a weaker acid solution, such as weakly concentrated oxalic acid or phosphoric acid

solution. However, anodization with a high voltage and similar current produces more

electronic heating, which can result in the peeling off or over heating of the aluminum

film. So far, we have succeeded in the anodization of an aluminum film under up to

80 V in 0.05 M oxalic acid solution. Unfortunately, the alumina masks obtained from

the anodization under 60-80 V do not exhibit good regularity. To obtain masks with
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Figure II.7: Typical SEM image of an alumina mask anodized at (a) 25 V in 0.3 M
sulfuric acid, (b) 19 V in 1.7 M sulfuric acid, and (c) 10 V in 3.9 M sulfuric acid. The
pore density in (c) exceeds 1012 per square inch. (After Ref. [11]).

Table II.2: Summary of structural characterization of nanopore arrays in anodized alu-
mina. (After Ref. [11]).

Eletrolyte Anodization Diameter Periodicity Number of Angle between

nearest- directions to

acid voltage (V) (nm) (nm) neighbors nearest-neighbors

(deg)

0.3 M 40 63±6 101±12 6.0±0.2 59.9±10.6

Oxalic

0.3 M 25 29±6 59±7 5.9±0.6 58.8±10.4

Sulfuric

1.7 M 19 24±3 43±6 5.9±0.6 58.1±12.8

Sulfuric



26

Figure II.8: (a) The pore diameters and (b) pore periodicities of anodic alumina before
the pore widening process, which are proportional to the anodizing voltage. The linear
fits (red lines) of pore periodicities and pore diameters are plotted as a function of the
anodization voltage.
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small pore sizes, a low anodization voltage and strong acid solution, such as concentrated

sulfuric acid, are used. Despite its low reactivity to acid etching, the n-type Si is etched

slightly by the concentrated sulfuric acid solution, which causes the anodized alumina

mask to peel off. Etching of the substrate has been confirmed by anodizing two iden-

tical aluminum films in oxalic acid and sulfuric acid. After the anodization reaches the

substrate, the mask anodized in sulfuric acid peels off with further anodization (“over-

anodization”). Under the same anodizing voltage and temperature, the mask remains

intact when over-anodized in oxalic acid. Because of this, anodization with sulfuric acid

must be stopped as soon as it reaches the silicon substrate. Fig. II.7 shows typical SEM

images of porous alumina masks as obtained from aluminum anodization under 25 V,

19 V, 15 V, and 10 V, respectively. With the anodization parameters in Table II.1 and

subsequent pore size adjustments, porous masks with pore diameters of 10-135 nm and

periodicities of 20-200 nm are fabricated. The results of structural analyses of typical

alumina masks anodized in 0.3 M oxalic, 0.3 M sulfuric and 1.7 M sulfuric, at constant

anodization voltages of 40 V, 25 V and 19 V respectively, are shown in Table II.2. The

pore periodicities and pore diameters before the pore widening process are proportional

to the anodizing voltage, as shown in Fig. II.8. Linear fit of the pore periodicities and

pore diameters as a function of the anodization voltage gives

Distance = −0.5nm + 2.5nm × V (II.1)

Diameter = −1.5nm + 1.1nm × V (II.2)

where V is the anodizing voltage. Masks with a pore periodicity of 20 nm [Fig. II.7(c)]

exhibit pore densities in excess of 1012 per square inch, which suggest potential ap-

plication of this fabrication method towards patterning for ultrahigh density recording

media.

II.B.3 Anodization of aluminum film on insulating substrates

In the above section, I have shown the procedures and results of anodization

of an aluminum film directly deposited on the Si substrate. Alternatively, a titanium

layer can be deposited first as a buffer layer to further improve adhesion between the

aluminum film and Si substrate. However, when the anodization reaches the interface



28

Figure II.9: Typical SEM images of TiOx patterns after removal of the alumina layer
anodized at (a) 40 V, and (b) 19 V.
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between aluminum and titanium, it continues into the titanium layer, which results

in the formation of titanium oxide pillars on top of a continuous titanium oxide layer

extending into the aluminum oxide pores. [98, 99] Fig. II.9 shows two typical titanium

oxide patterns after removal of the alumina masks. This patterned titanium oxide can

be used as an etching mask for fabrication of magnetic nanodots, which will be shown

in Section II.C.3.

Figure II.10: Typical SEM image of Fe dot array on top of Au-covered sapphire substrate.

To fabricate alumina masks on insulating substrates, a 200 nm aluminum film is

directly deposited on a bare sapphire substrate. The aluminum film is anodized, with the

aluminum itself acting as the anode. However, after deposition of magnetic materials

through the alumina mask, the mask cannot be removed using the procedure shown

above, due to unknown reasons. In addition, the slight nonuniformity of the electric

field, due to the circular shape of the cathode, results in a slower anodization in the

middle of O-ring. Thus, the anodization of the aluminum film is first completed around

the edge, which results in the electrical isolation and prohibits the further anodization

of the thin layer of unanodized aluminum within the center of the O-ring.

To avoid the above problem associated with mask lift-off, the substrate is first

coated with a 20 nm-thick gold film, with a 2.5-20 nm-thick titanium buffer layer between

the gold and Si substrate in order to improve adhesion of the gold film. The gold film

is then used as the anode in the aluminum anodization process. [89,100] To avoid mask

delamination, the anodization process must be stopped as soon as it reaches the gold film,
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which is indicated by a sharp increase in the anodization current, as shown in Fig. II.3

(c). This current increase becomes less abrupt for thicker aluminum films, probably due

to nonuniformity of the anodization rate over the film surfaces. Thus, it is more difficult

to determine the time at which the anodization process reaches the gold film for thicker

aluminum films. Such a limitation results in a lower degree of regularity as compared

to that of the masks on Si substrates. However, by using this porous alumina as the

evaporation mask, we have been able to successfully fabricate FM dot arrays on top of

gold films (shown in Fig. II.10).

II.C Fabrication of magnetic dot arrays using porous alu-

mina masks

II.C.1 Fabrication of ferromagnetic dots utilizing electron beam evap-

oration and subsequent mask lift-off

In this section, we discuss fabrication of a single FM layer and FM/AF bilayer

nanodot arrays using porous alumina masks. Prior to deposition of the magnetic ma-

terials, the porous alumina mask is baked in situ at 500 ◦C for 1 hour to remove water

and hydrocarbons from within the pores. In order to fabricate a single layer of FM dots,

electron beam evaporation is used to deposit 20-100 nm of a ferromagnet material (Fe,

Ni, Fe20Ni80) through the porous mask onto a substrate, at a rate of 1 Å/s and a sub-

strate temperature of 200 ◦C. Afterwards, the substrate temperature is lowered to 150
◦C, at which a 5-8 nm-thick silver capping layer is deposited so as to protect the dots

from oxidation. After removal from the evaporator, the porous alumina mask is lifted off

in either 10 wt% NaOH solution at room temperature for 2 minutes or a mixture of 6.0

wt% phosphoric acid and 1.8 wt% chromic acid at 60 ◦C for 15 minutes, leaving a single

layered FM dot array (Fig. II.11). In order to check adhesion of the FM dots to the Si

substrates, we sonicated a typical Fe dot sample in acetone for 10 minutes. SEM images

of this sample indicate that the dots remain intact, which confirms the robustness of FM

dot arrays on a Si substrate as fabricated by this method.

It should be noted that while the top of the FM is protected, its sides are

exposed and thus may be oxidized. For continuous FM films or dots that are much larger
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Figure II.11: (a) Typical SEM image of an Fe dot array (fabricated using an alumina
mask anodized at 40 V) with average diameter and periodicity of 67 nm and 104 nm,
respectively. (b) Typical SEM image of an Fe dot array (fabricated using an alumina
mask anodized at 25 V) with average diameter and periodicity of 32 nm and 63 nm,
respectively. (After Ref. [11]).
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than 100 nm, formation of magnetic metal oxide has only a small effect on the magnetic

properties, such as the exchange bias. However, the magnitude of the nanodots’ exchange

bias is proportional to their oxidized surface to volume ratios, i.e., the magnitude of

exchange bias increases as the dot size decreases. Thus, the effect of the oxidation

cannot be neglected for sub-100 nm magnetic nanodots. The size dependence of oxidation

induced exchange bias will be detailedly discussed in detail in Chapter III. In order

to avoid dot oxidation, a thick aluminum layer is deposited ex situ immediately after

ion milling or mask lift-off. With this protective layer, there is no measurable effect

attributable to FM oxidation, suggesting that the amount of metal oxide formed in this

case is negligible.

As mentioned earlier, porous alumina masks used for fabrication of dot arrays

should be thin enough to avoid the shadow effect. To study the dependence of the

shadow effect on mask thickness, Fe is deposited through porous alumina masks with 65

nm diameter pores and thicknesses of 1 μm and 0.4 μm. After mask lift-off, few dots are

found on the sample fabricated from the 1 μ-thick alumina mask, while a typical ordered

dot array is found with the 0.4 μm-thick alumina mask. Thus, to fabricate dots using a

porous mask, an appropriate pore aspect ratio (diameter/thickness) must be chosen. For

example, a 0.12 μm or thinner alumina mask must be chosen to fabricate 20 nm diameter

dots, while a 0.4 μm alumina mask can be used to obtain 65 nm diameter dots. As

discussed earlier, the porous mask thickness is determined by the alumina layer thickness

remaining intact after the first anodization. It should be noted that nonuniformity of the

anodization rate over the aluminum surface complicates fabrication of thin masks from

very thick aluminum films. Hence, the highest density of the dot arrays reproducibly

produced so far is about 0.4×1012 per square inch, despite the highest nanopore density

being 1×1012 per square inch.

The nanodot arrays are characterized by analyzing SEM images (see in Fig. II.11),

which are taken before the array is protected by the thick aluminum film, in the same

fashion as the nanopore arrays. These analyses show that the fabricated nanodots are cir-

cular and have a hexagonal arrangement with narrow size and periodicity distributions.

Comparison of the size and periodicity distributions of the porous mask to the distri-

butions for the dot array fabricated with this mask indicates a good pattern transfer.
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Figure II.12: Typical (a) 2-dimensional and (b) 3-dimensional atomic force microscopy
(AFM) images of an Fe dot array (fabricated using an alumina mask anodized at 25 V).
The standard deviation for the dot height is about 4 nm.
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Figure II.13: Small angle X-ray reflectivity measurement of sample presumed to consist
of 30 nm-thick Ni dots. Inset shows linear fit of the peak positions as a function of the
peak number.

Nanodot structures are also investigated by AFM (Veeco Scanning Probe Microscope),

which yields close agreement to that of SEM analyses. Moreover, AFM measurement

shows that the standard deviation for the dot height is about 4 nm (Fig. II.12). The

average dot height can be measured using small angle X-ray reflectivity (SAXR) mea-

surement. Fig. II.13 shows the SAXR result of a typical sample with presumably 30

nm-thick Ni dots, with the peak position (sinθ) versus peak number shown in the in-

set. An average dot height of 28.3 nm is calculated from the slope of the linear fit, as

shown in the inset. The thickness of a Ni film co-evaporated with the Ni dot sample is

also measured by SAXR, giving a thickness (27.1 nm) close to the average dot height.

Alumina masks with various sizes and periodicities enable the average dot diameter and

periodicity to be tuned from 25 nm to 130 nm and from 45 nm to 200 nm, respectively.

For these arrays (20 nm-thick dots with dot periodicity about twice of the dot diameter)

the interaction between the dots can be neglected. [31–33] Since the 10% standard devi-

ation in the dot size and periodicity and 4 nm standard deviation in the dot height are

relatively small, magnetic measurements of such a dot array can be used to investigate

the magnetism of a single noninteracting dot.
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Figure II.14: (a) Geometry of grazing incidence small angle neutron scattering measure-
ment. (b) Scattering intensity as a function of the momentum transfer vector Qy for
an array of Fe dots (20 nm height, 65 nm average diameter) (solid triangles), and a
continuous Fe film of the same thickness (open squares). The statistical errors are given
by the square root of the scattering intensity. Due to their small sizes, most of the error
bars are covered by symbols. (c) Difference between the scattering intensity of the dots
and that of the film. (After Ref. [11]).
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Since these nanodot arrays cover a macroscopically large area (over 1 cm2),

their magnetic properties can be investigated using techniques that require relatively

large quantities of material including SQUID, vibrating sample magnetometry, polar-

ized neutron scattering, ferromagnetic resonance, etc. For example, grazing incidence

small angle neutron scattering (GI-SANS), performed at the Laboratoire Leon Brillouin

(Saclay) spectrometer PAPOL with 8 Å wavelength, is used to analyze the microstruc-

ture of the samples. To our knowledge, this is the first neutron scattering experiment

performed on sub-100 nm magnetic dots. The geometry is such that the scattering plane

(X, Z) is formed by the transmitted and reflected beams [Fig. II.14 (a)]. Fig. II.14 (b)

shows the scattering intensity as a function of the momentum transfer vector Qy for a

continuous 20 nm-thick film and a 20 nm-thick Fe dot sample with an average diameter

of 65 nm. The statistical errors are given by the square root of the scattering intensity.

Due to their small sizes, most of the error bars are covered by symbols. The peak at

Qy = 0 corresponds to the specular reflection and appears in the neutron scattering for

both dots and film samples. The extra shoulders appearing for the dots are the first

Bragg peaks due to spatial ordering of the dots. These peaks are even more evident in

Fig. II.14 (c), which shows the difference between the scattering intensity of the dots as

opposed to that of the film. The dip at the specular angle, Qy = 0, [not fully shown

in Fig. II.14 (c)] is due to the transfer of the scattering intensity from the specular re-

flection peak into the Bragg peaks in the case of the dots. Positions of these Bragg

peaks correspond to a dot periodicity of ∼100 nm. It is noteworthy that this value of

periodicity is observed from the entire, ∼2.5 cm2 in area, sample. This periodicity is

in good agreement with that obtained from the SEM image (104 nm), indicating that

variation of the periodicity over the sample area is small. This also validates that our

characterization based upon SEM images of small areas is indicative of the entire sample.

II.C.2 Fabrication of ferromagnetic/antiferromagnetic bilayer dots uti-

lizing electron beam evaporation and dry etching

Arrays of FM/AF (AF/FM) bilayer dots for nanoscale exchange bias studies are

fabricated using about 300 nm-thick porous alumina masks as described above. Similarly

to growth of the FM dots, 30-50 nm AF (FeF2) is deposited at a rate of 1 Å/s with the
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Figure II.15: Schematic of fabrication process for ferromagnetic/FeF2 exchange-biased
bilayer nanodot array using argon-ion milling at an angle of 45◦. (After Ref. [11]).

substrate kept at 250 ◦C, after (FM/AF) or before (AF/FM) the deposition of 20 nm

of FM (Fe, Ni, Fe20Ni80). Finally, a 5-8 nm thick silver capping layer is deposited in

order to protect the dots from oxidation. The bilayer magnetic materials lay both on top

of the porous alumina mask and at the bottom of pores. The layers on top constitute

a magnetic network or antidot structure. The hole sizes of the network can be tuned

with the appropriate alumina pore widening, without affecting the hole distance. To

study the magnetic properties of FM/AF (AF/FM) bilayer dots, this magnetic network

has to be removed without affecting the materials at the bottom of pores. However,

the aforementioned mask lift-off procedure cannot be used for the FM/FeF2 bilayer dot

arrays because FeF2 is soluble in the aqueous etchant solution. To overcome this, all

the magnetic layers on top of the mask are removed using 500 eV argon-ion milling (DC

Kaufman ion gun) at an angle of 45◦, as sketched in Fig. II.15. The sample is rotated

in-plane to ensure uniform milling. After ∼8 minutes ion milling, all the materials on

top of the mask and roughly the top 50 nm of alumina mask are removed, but the

materials at the bottom of the pores, protected by the alumina mask, are left intact.

This is accomplished by ensuring that the distance between the top of the alumina mask
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and the surface of the magnetic material at the bottom of pores is larger than the pore

diameter during the entire ion milling process. In this fashion the magnetic bilayer dot

array is embedded within the nonmagnetic porous alumina masks.

To verify the successful fabrication of the FM/FeF2 bilayer dots, the sample

is measured using SQUID magnetometry both before and after argon-ion milling. The

measured magnetic moment in saturation is proportional to the FM volume. The ratio

of the FM volume on top of the mask to its total volume should be equal to the ratio of

the area outside the pores to the total mask area (typically around 70%), thus reduction

of the magnetic moment after the ion milling by the same proportion confirms successful

removal of the magnetic layers from the top of the mask. As the sample is ion milled

further, no additional reduction in the magnetic moment and exchange bias are found.

This indicates that the ion milling affects neither the FM nor the FeF2 at the bottom of

the pores.

When the magnetic dots are fabricated using a mask lift-off, the phosphoric

acid etching, which occurs prior to deposition of the magnetic materials, should be long

enough to remove the alumina barrier layer remaining at the bottom of pores. Otherwise,

the dots will also be removed during the subsequent mask lift-off. However, with the

argon-ion milling, this alumina barrier layer does not constitute a problem. Thus, shorter

etching times resulting in smaller pore diameters can be used. Because of this, the range

of dot diameters that can be fabricated with the same periodicity is much wider.

II.C.3 Fabrication of magnetic nanodots utilizing patterned titanium

oxide etching mask

As mentioned in Section II.B.3, patterned titanium oxides are obtained by

anodization of titanium buffered aluminum films. To make use of this titanium oxide

pattern as the etching mask, we first deposit the FM single layer or AF/FM bilayer

films, followed by a 5 nm-thick SiO2 layer to protect the magnetic films from chemical

etching. After the complete anodization and porous alumina lift-off, patterned titanium

oxides formed on top of the SiO2 layer can be used as dry etching masks. Several etching

methods have been tried, which include Ar+ milling with normal incidence, Ar+ milling

at an angle of 45◦, and Reactive Ion Etching with an argon source. Currently we have
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Figure II.16: SEM images of 20 nm-thick Fe film covered by titanium oxide pattern (a)
before and (b) after 5 min argon-ion milling at an angle of 45◦. (c) Magnetic hysteresis
loop after pattern transfer into the Fe film using argon-ion milling.
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succeeded in pattern transfer by using Ar+ milling at an angle of 45◦. With 5 min ion

milling of a typical sample with a 20 nm-thick Fe film, the magnetic signal decreases

from the original 1.65×10−3 emu to 2.5×10−4 emu, while the coercive field increases to

480 Oe, as shown in Fig. II.16 (c). Patterned FeF2/Fe dots have also been fabricated by

using a titanium oxide etching mask, which exhibit an exchange bias of He = 46.2 Oe

after the sample is cooled to T=10 K in a magnetic field of 2 kOe. Fig. II.15 (a) and

(b) shows the SEM images before and after Ar+ milling. The dots in this typical sample

are not regularly distributed, due to only a 500 nm-thick aluminum film being used for

anodization. To improve pattern regularity, much thicker aluminum film must be used

for the anodization.

When we transfer the pattern by using Ar+ milling normal to the substrate, the

dot feature disappears before the Ar+ reaches the underlying Fe film, which is verified

by the unchanged magnetic signal from SQUID measurements. The difference of the

Ar+ milling between these two different incident angles could be due to the angular

dependence of the Ar+ etching speed. The maximum etching speed does not happen

along the normal direction, but rather at an angle of 45◦. Thus, the etching speed along

the direction normal to the sample is much higher if the beam incident direction is at

an angle of 45◦.

II.D Conclusions

Porous alumina masks are fabricated by anodization of aluminum films grown

on semiconducting and insulating substrates. Control of the anodizing voltage and elec-

trolyte allows fabrication of self-assembled porous alumina masks with diameters of 10-

130 nm and periodicities of 20-250 nm. Masks with a periodicity of 20 nm exhibit pore

densities exceeding 1012 per square inch, which might have relevance towards magnetic

media with a corresponding density of 1 Tbit/in2. With these alumina masks, ordered

FM nanodot arrays with coverage exceeding 1 cm2 are fabricated by electron beam evap-

oration and subsequent mask lift-off. For FM/FeF2 bilayer samples, argon-ion milling at

an angle of 45◦ is used instead of the mask lift-off. The average dot size and periodicity

can be tuned in the 25-130 nm and 45-250 nm ranges, respectively. Dot periodicity
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obtained from small angle neutron scattering on nanodot arrays covering ∼2.5 cm2 is in

a good agreement with the SEM characterizations.
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III

Nanomagnetism

III.A Introduction

Nanomagnetism has been widely investigated in recent years due to its novel

properties, which are distinguishable from those of bulk materials, and its potential

applications towards magnetic memory and magnetic sensors. It is well known that a

single domain state will take the place of a multi-domain structure, which exists in bulk

magnets, with the magnetic pattern size comparable to or smaller than the magnetic

domain wall width. For a circular magnetic nanopattern with a slightly larger pattern

size, the magnetic spins may curl up along the circular edge to reduce the magneto-static

energy, which results in a circular spin configuration (vortex state). [21, 22] There has

been much investigation of the transition from a single domain to a vortex state through

both theoretical calculations and experimental measurements, with consideration given

to interesting intrinsic physics and possible applications of the vortex state towards

magnetic memory systems. However, most of the previous studies focused mainly upon

the scale well above 100 nm due to fabrication limits and equipment resolution. In this

work, we investigate the magnetic properties of sub-100 nm dot arrays as fabricated by

anodic porous alumina masks. [101]

42
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III.B Sample preparation

Magnetic nanodots (except the samples mentioned in Section III.E) are fabri-

cated with 20-nm of FM material deposited through the porous mask, at a rate of 1 Å/s

and a substrate temperature of 200 ◦C, which has been described in detail in Chapter

II. [11] By tuning the anodization parameters and subsequently adjusting the pore size,

we have obtained FM dots ranging in diameter from 20-130 nm. The resulting hexag-

onally ordered ferromagnetic dots are polycrystalline as determined by powder X-ray

diffraction analysis. To manipulate the spin configurations (shown in Section III.E), we

have also grown 20 nm thick Fe nanodots at 25 ◦C with a 3 h post-annealing at 500
◦C (sample A) and without post-annealing (sample B), and grown at 400 ◦C without

post-annealing (sample C). These three samples are grown using the same anodic porous

alumina mask (anodized at 48 V), in order to avoid a dot diameter effect. In addition,

Fe nanodots with a thickness ranging from 20 nm to 100 nm have also been fabricated,

using a 48 V anodized alumina mask at a substrate temperature of 200 ◦C, in order to

investigate the role of thickness in spin configurations (shown in Section III.E).

III.C Size dependence of magnetic properties

The magnetic properties of these Fe dots are measured by Quantum Design

MPMS SQUID magnetometry. The resultant magnetic hysteresis loops for dots with a

thickness of 20 nm (measured at 10 K) are shown in Fig. III.1 (a), which shows coercivities

from 300 Oe to 800 Oe for various diameters. For comparison, the magnetic hysteresis

loop of a 20 nm-thick Fe continuous film is given in Fig. III.1 (b). The coercivity of this

film is about 38 Oe, which is one order of magnitude less than that of the sub-100 nm

patterned dots. An overall enhancement of coercivity corresponding to a decrease in the

dot diameter is also observed in Fig. III.1 (a), with a non-monotonic dependence that

is probably due to sample to sample variations. Similar values for the coercive fields

are observed in both Fe and Py dots of the same size, while there is a difference of two

orders of magnitude in the magnetocrystalline anisotropy between Fe and Py. Hence, we

attribute this enhanced coercivity mainly to finite size effects (shape anisotropy). In the

patterned dots, magnetic spins reverse by coherent rotation, with the coercivity given as
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Figure III.1: (a) Magnetic hysteresis loops for 20 nm-thick Fe dot arrays with dot average
diameters of 33-99 nm as measured by superconducting quantum interference device
(SQUID) magnetometry at T=10 K, which shows the coercivities from 300 Oe to 800
Oe for various dot diameters. (b) Hysteresis loop of a 20 nm-thick Fe continuous film,
which exhibits much smaller coercivity (38 Oe) than the dot samples.
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Hc = (2K1/μ0Ms) + 1
2(1− 3N)Ms, where K1 is the magnetic crystalline anisotropy, Ms

is the saturation magnetization, and N is the demagnetizing factor of the nanodots. The

coercivity of continuous films, with the formation of magnetic multidomain structures,

has been theoretically calculated by Zhao, et al., who reported the coercivity in the

range of 0.14-0.42 HK , where HK = 2K1/μ0Ms as given by the Stoner-Wohlfarth model

(SW). [102]

Figure III.2: Size and temperature dependence of exchange bias in side oxidized 20 nm-
thick Fe dot arrays. The inset shows the magnitude of the exchange bias (T=10 K) as a
function of the reciprocal of dot diameter, which confirms that the origin of the exchange
bias arises from the side oxidation. A black dashed line is the eye guide of Hex=0 Oe.

An Fe dot array is also measured after the sample is cooled down to 10 K

in magnetic field of 2 kOe. Although there is no adjacent antiferromagnetic layer de-

posited with the Fe dots, exchange bias is observed. The exchange bias in our samples

is attributed to the oxidation occurring along the sides of the dot, despite a protective

layer on top of dots. The effect of native oxide on exchange bias is usually neglected

for micro-sized patterned structures. This is due to their small surface to volume ratio,

given as S/V = 4πDt/πD2t = 4/D, where S is the area of the dot side surface, V is

the dot volume, D is the dot diameter and t is the dot thickness. However, for smaller

dot diameters, increased S/V results in an enhancement of the exchange bias, which

has been confirmed by a linear fit of the exchange bias value as a function of the dot
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diameter as shown in the inset of Fig. III.2. The exchange bias of oxidized Fe dots is

inversely proportional to the dot diameter, thus confirming dot side oxidation to be the

origin of the exchange bias. To get a better understanding of the exchange bias effect,

we have measured the magnetic dots both after zero field cooling and after magnetic

field cooling at 2 kOe. The enhanced magnetic remanence is observed after the sample

is field cooled, which confirms that exchange bias is a good candidate for improving the

stability of magnetic recording. [43–45]

III.D Transition from a single domain state to a vortex

state

III.D.1 Transition quantified by loop shapes

As shown in Fig. III.1 (a), we find a striking differences in the shapes of the

hysteresis loops. For dots with an average diameter larger than 62 nm, a reduced coer-

civity accompanied by a narrowing of the hysteresis loop close to the zero-magnetization

state (pinched neck) are observed, while the hysteresis loops without pinched necks, re-

sembling closely those of a random distribution of magnetic elements in single domain

states, are observed for dots with smaller diameters. Typical hysteresis loops for Fe dots

with average diameters of 42 nm, 64 nm, respectively, are shown in Fig. III.3 (a). In

order to study the influence of dot diameter on the shape of the hysteresis loops, we

introduce the parameters WM=0/WM=0.5Ms where WM=0, WM=0.5Ms are the widths of

the hysteresis loop at zero magnetization, and half the saturation magnetization, respec-

tively, as shown in Fig. III.3 (b). When the dot average diameter is less than 62 nm, a

width ratio close to 1 is observed, corresponding to a single-domain spin configuration,

as expected. For dot average diameters larger than 62 nm, this ratio is highly reduced

due to the appearance of the pinched neck near zero magnetization. The different mag-

netic properties of the dots are also evident in the virgin curves. The virgin curves are

measured by slowly increasing the magnetic field from 0 Oe after the dots have been

demagnetized (zero magnetic remanence). The virgin curves reversibility is studied by

gradually decreasing the field back to zero after the virgin measurements reach various

reversal fields (Hr). Fig. III.4 (a)-(b) shows the virgin curves (blue triangles) and major
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Figure III.3: (a) Typical magnetic hysteresis loops for 20 nm-thick Fe dot arrays with
average diameters of 42 nm, 64 nm. (b) The loop width ratio of WM=0/WM=0.5Ms as a
function of the dot diameter obtained from magnetic hysteresis loops (red solid squares)
and Monte Carlo simulations (blue open circles), where WM=0, and WM=0.5Ms are the
widths of the hysteresis loop at zero magnetization, and half of saturation magnetization,
respectively. (After Ref. [101]).
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Figure III.4: Typical magnetic hysteresis loops (red circles) and virgin curves (blue
triangles) for the 20 nm-thick Fe dots with average diameters of (a) 64 nm and (c) 43
nm. An overlap of the virgin curve upon the lower branch of the major loop is observed
for dots with an average diameter of 64 nm, while the virgin curve is well separated from
the major loop for dots with an average diameter of 43 nm. The reversibility of virgin
curves for the dots with (b) an average diameter of 64 nm, which is not observed for the
dots with (d) an average diameter of 43 nm.
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loops (red circles) of dot arrays with average diameters of 43 nm and 64 nm, respectively.

An overlap of the virgin curve upon the lower branch of the major loop is observed for

dots with 64 nm in average diameter, while the virgin curve is well separated from the

major loop for dots with an average diameter of 43 nm. In addition, the virgin curves for

the dots with an average diameter of 64 nm clearly show reversibility [shown in Fig. III.4

(c) and (d)], which is not observed in the dots with 43 nm in average diameter.

III.D.2 Theoretical calculations

Due to the feature size of our dots (well below 100 nm), which reaches the

resolution limit of current magnetic microscopy equipment, [23, 25] we cannot obtain a

clear picture of the magnetic spin configurations in these Fe dots by direct measurements.

With this in mind, additional theoretical (numerical or analytical) calculations play an

integral role in our understanding of nanomagnetism. Therefore, we have studied the

magnetic properties of Fe dots by using both Monte Carlo simulations and micromagnetic

simulations. A more detailed discussion regarding the micromagnetic simulations will

be given in Chapter IV. Monte Carlo simulations are carried out in collaboration with

Mej́ıa-López et al. [31] using the Metropolis algorithm that includes local dynamics and

single-spin flip methods, as shown in Chapter I. [31,35–37]

According to the simulations, the hysteresis loops with widths ratio close to 1

accompanying dot diameters smaller than 60 nm correspond to a single-domain (SD) spin

configuration. Magnetic reversal takes place through coherent spin rotation, resulting in

a square hysteresis loop. The loop shearing could be due to dot interactions as well as

averaging effects caused by distributions in the dot size and anisotropy. The pinched neck

close to the zero-magnetization state for the dots with an average diameter larger than

62 nm is attributed to the appearance of a vortex state (VS), similarly to the previous

study using micromagnetic simulations and MOKE. [103] With a decrease in magnetic

field from positive saturation state, the spin configuration switches from a single domain

to the vortex state at the nucleation field. A further decrease in the magnetic field

leads to motion of the vortex core along the direction perpendicular to the external field,

followed finally by a return to the single domain state (with the spins’ direction opposite

to that of the original single domain state), and the vortex core moving out of the dot
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Figure III.5: (a) Experimental hysteresis curve (dots) for an array of 20 nm-thick dots
with an average diameter of 65 nm, and the calculated hysteresis curve (continuous line)
for a noninteracting dot with the same size (solid line). (b) Calculated hysteresis loop
(red line) and virgin curve (blue line) for a dot with the same size. (After Ref. [31]).
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boundary at the annihilation field. The vortex state with reduced magnetization results

in a decrease of the hysteresis loop width near zero magnetization. The loop width ratio

as a function of the dot diameter is investigated by both Monte Carlo and micromagnetic

simulations, with the detailed discussion shown in Chapter IV.

For the virgin curve, the applied magnetic field shifts the vortex core outwards

from the dot center. As long as the core is not shifted beyond the physical boundary

of the dot by a field less than the annihilation field, the vortex core will return to its

initial position in the center once the field is removed, which makes the virgin curve fully

reversible in the absence of defects and pinning. The presence of the vortex state in the

dots with a diameter larger than 62 nm is confirmed by Monte-Carlo simulations, [31]

which reproduce well the shape and reversibility of the virgin curves as described above,

as shown in Fig. III.5.

III.D.3 Magnetic reversibility measurements

The magnetic reversibility is also investigated by the first-order reversal curve

(FORC) method in collaboration with Dumas et al. [104] After positive saturation, the

magnetization M is measured starting from a reversal field Hr back to positive saturation,

tracing out a FORC. A family of FORCs are measured at different Hr, with equal field

spacing, thus filling the interior of the major hysteresis loop. The FORC distribution is

defined as a mixed second order derivative:

ρ(Hr,H) ≡ −1
2

∂2M(Hr,H)
∂Hr∂H

(III.1)

which eliminates the purely reversible components of the magnetization. Thus, any

non-zero ρ corresponds to irreversible switching processes. The FORC distribution is

plotted against either (Hr,H) coordinates or (Hc,Hb) coordinates. [105–109]. This

transformation is accomplished by a simple rotation of the coordinate system defined

by: Hb = (H + Hr)/2 and Hc = (H − Hr)/2.

The major hysteresis loops, delineated by the outer boundaries of the FORCs,

of typical Fe dots with the diameter of 52±8 nm, 58±8 nm, and 67±13 nm are given in

Fig. III.6 (a)-(c), respectively. As mentioned in Section III.D, the major loop for 52 nm

dots corresponds to a single domain state, while the pinched neck loop for the 67 nm
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Figure III.6: First-order reversal curves and the corresponding distributions. Families of
FORCs (a-c), whose starting points are represented by black dots for the 52 nm, 58 nm,
and 67 nm Fe nanodots, respectively. In (c), two FORCs, marked in red, correspond
to line scans 1 and 2 in (b). The corresponding FORC distributions are shown as 3-
dimensional plots (d-f) and contour plots (g-i). (After Ref. [104]).
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dots is indicative of a vortex state. Subtle differences seen in the major hysteresis loops

manifest themselves as striking differences in the corresponding FORC distributions, as

evidenced in Fig. III.6 (d)-(i). For the 52 nm nanodots, the only predominant feature is a

narrow ridge along the local coercivity Hc-axis with zero bias [Fig. III.6 (d) and (g)]. The

ridge is peaked at Hc = 525 Oe, near the major loop coercivity value of 475 Oe. This

pattern is characteristic of a collection of non-interacting single domain particles. As

the nanodot diameter is increased, the FORC distribution becomes much more complex.

The 67 nm sample is characterized by three main features, as shown in Fig. III.6 (f)

and (i): two pronounced peaks at Hc = 650 Oe and Hb = ±750 Oe, and a ridge along

Hb = 0, forming a butterfly-like contour plot [Fig. III.6 (i)].

In addition to qualitative differences between samples in the single domain and

vortex state, the FORC distribution also allows us to extract quantitative information re-

garding the reversal processes. For the 52 nm sample, we have extracted this distribution

by projecting the ridge in Fig. 7(b) onto the Hc-axis (Hb = 0 Oe), as shown in Fig. III.7

(a). The relative height gives the appropriate percentage of nanodots with a given coer-

civity. This extracted coercivity distribution can be compared with the theoretical size

dependence of coercivity for a single domain particle Hc ≈ (C1/D
2)−C2, where D is the

dot diameter, C1 and C2 are constants. [110] The constants of C1 and C2 are calculated

based upon the FORC projection peaks of the 52 nm and 58 nm samples (Hc=5350 Oe

for D=52 nm, and Hc=3750 Oe for D=58 nm). The obtained C1 and C2 are then used

to calculate a coercivity distribution [solid black circles in Fig. III.7 (a)] based upon the

size distribution obtained from the SEM images. Excellent agreement is obtained as

compared to that determined from the FORC distribution, after a rescaling of the latter

by an arbitrary weight.

To analyze magnetic reversals in the 67 nm dots, the FORC distribution ρ is

replotted in against (Hr,H) coordinates. The complex butterfly-like pattern of Fig. III.6

(i) now transforms into irreversible switching mainly along line scans 1 and 2 in Fig. III.7

(b), which correspond to FORCs starting at Hr= 100 Oe and -1450 Oe, respectively

[marked in red in Fig. III.6 (c)]. Along line scan 1 (HR = 100 Oe), when the applied

field H = 100 Oe, vortices have already nucleated in most of the nanodots. With

increasing field H, ρ becomes non-zero and peaks appear at 1320 Oe, corresponding
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Figure III.7: (a) Coercivity distribution for the 52 nm nanodots obtained from the
projection of FORC distribution onto the Hc-axis (red circles), and a calculation based
on measured size distribution (black squares). (b) The experimental FORC distribution
for the 67 nm nanodots plotted against applied field H and reversal field Hr. Dashed
horizontal line scans 1 and 2 highlight the two important reversal paths discussed in the
text. (c) A family of simulated FORC’s generated using the OOMMF code. Inset shows
the orientations of the two dots simulated. (d) The FORC distribution calculated from
the simulated FORC’s shown in (c). (After Ref. [104]).
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to vortex annihilation in the majority of the nanodots (Hn1). Line scan 2 starts at

Hr = −1450 Oe, where the majority of the nanodots have been negatively saturated. As

H is increased, a maximum in ρ is first seen at H = −100 Oe, corresponding to nucleation

of the vortices within the nanodots. A second maximum is found at H = 1450 Oe,

corresponding to vortex annihilation (Hn2). We also notice that the peaks in Fig. III.7

(b) are rather broad, which is a manifestation of the vortex nucleation and annihilation

field distributions.

One possible origin of these double annihilation field magnetic reversals could

be due to asymmetric shapes of our nanodots. This has been verified by micromagnetic

simulations carried out on a nanodot with a small cut on one side (as described in

Chapter IV), which reflects the fact that our fabricated dots are not perfectly circular.

The simulated FORC contours with field parallel and 45◦ to the cut-edge are shown in

Fig. III.7 (c). Peaks in the simulated FORC distribution clearly indicate nucleation and

annihilation fields of the vortex which are apparent in Fig. III.7 (c). It is clear that

the simulated FORC reproduces the key features of the experimentally obtained ones in

Fig. III.7 (b). Along line scan 1, the vortices are annihilated from the same side of the

nanodot as which they first nucleated; along line scan 2, the vortices nucleate on one

side of the dot and are annihilated on the other [Fig. III.6 (c)]. It is noteworthy that the

annihilation field along line scan 2, Hn2 = 1450 Oe, is larger than that along line scan 1,

Hn1 = 1320 Oe. Thus it seems more difficult to drive a vortex across the nanodot and

then annihilate it than to nucleate and annihilate the dot from the same side. Hence the

asymmetric dot shape is essential in obtaining a larger annihilation field along scan 2

than along scan 1, leading to the negative-positive-negative FORC feature at the lower

right corner. Because only two different angles are taken into account, the features in the

FORC distribution are much sharper than the experimental data in which a distribution

of angles should be present.

III.D.4 Vortex core size measurements by polarized neutron scattering

Since the first imaging of magnetic vortices in permalloy (Py) sub-micron

disks using magnetic force microscopy (MFM), [21] many efforts have focused on the

3-dimensional spin structure and magnetic reversal via the vortex state, [23, 24] vortex
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Figure III.8: Schematic of the polarized neutron scattering measurement setup. The
neutrons are polarized along the out-of-plane direction.

dynamics [25, 111] and switching of the vortex core polarity, [112] and vortex chiral-

ity, [113] in dots, rings, and other micro- and nano-patterned structures. Those stud-

ies were performed by magneto-optical Kerr effect (MOKE) magnetometry, magnetic-

resonance measurements, magnetization-sensitive microscopies, such as MFM, scanning

electron or ion microscopy with polarization analysis, spin-polarized scanning tunneling

microscopy, X-ray magnetic circular dichroism, and Lorenz microscopy. [21,23–25] Most

of the experiments were performed with planar structures in which the in-plane size was

much larger than 100 nm. Imaging the vortex and especially the vortex core in sub-100

nm structures is limited by the resolution of the tools. Moreover, the majority of such

imaging is only qualitative and does not allow quantification of the magnetization and

size of the vortex core. Here, we perform grazing incidence small angle neutron scatter-

ing with polarization analysis (polarized GI-SANS) in collaboration with Fitzsimmons

et al. to measure the core size and magnetization, as shown in Fig. III.8.

The neutron scattering (non-spin-flip), with the neutron beam polarized per-

pendicular to the sample surface, (please refer to Reference [101] for the details) gives

the net out-of-plane magnetization averaged over the volume of the dot, mz=100±40

emu/cm3. This magnetization is equivalent to that of a 20-nm-thick Fe cylinder with a

diameter of 16±3 nm (= 65 nm×√
mz/Ms, where Ms = 1714 emu/cm3), representing a

vortex core. The magnetization profile for a single 20 nm-thick Fe dot with a diameter of

65 nm has been calculated using micromagnetic simulation, which gives the correspond-

ing out-of-plane magnetization and vortex core diameter of 78 emu/cm3 and ∼14 nm,

respectively, in good agreement with the experimental result obtained from polarized



57

GI-SANS. Similar values are also obtained using Monte Carlo simulations.

III.E Manipulation of spin configurations

So far, we have characterized the spin configurations, especially the vortex state,

by using SQUID magnetometry, FORC measurements, and polarized neutron scattering.

In the following, I will show you several factors which can be used to manipulate the

spin configurations, including magnetic anisotropy and dot thickness.

In this work, the magnetic hysteresis loops of Fe dots grown at 25 ◦C with 3 h

post-annealing at 500 ◦C (sample A, magenta stars) and without post-annealing (sample

B, red squares), and grown at 400 ◦C without post-annealing (sample C, blue triangles)

are measured at 300 K with an in-plane magnetic field, as shown in Fig. III.9 (a). Sample

B exhibits the best vortex state, as evidenced by the smallest loop width ratio. With an

increase in growth temperature or post-annealing, a striking suppression of the vortex

state is observed by the increased loop width ratio, together with enhanced remanence

and coercivity. The co-evaporated continuous Fe films also exhibit larger coercivity

when grown at higher temperatures or post-annealed, which is a good indication of

increased magnetic anisotropies. To further clarify the effects of growth temperature

and postannealing procedures, structural properties of the dots are measured by AFM.

Fig. III.9 (b) and (c) show the typical AFM images for both samples B and C. The Fe

dots of sample C grown at 400 ◦C exhibit much larger grain sizes and rougher boundaries.

Considering the random orientation of the anisotropic easy axis, a less number of grains

in a single dot (with larger grain size) will statistically increase the average anisotropy,

resulting in a suppression of the vortex state. In addition, rougher boundaries can also

reduce the stability of the vortex state, as confirmed by the micromagnetic simulations.

The phase diagrams given by Buda et al. [30] have shown that the spin con-

figuration is a function of both dot diameter and dot thickness. When the dot aspect

ratio (dot thickness over diameter) is less than a critical value of 0.90, in-plane spin con-

figurations are preferred, whereas an increase in the dot thickness results in preference

towards vortex state. However, Ha and Porrati have predicted the existence of a vortex

state with in-plane spins in the vortex core (named in-plane vortex state) when the dot
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Figure III.9: (a) Magnetic hysteresis loops of Fe dots grown at 25◦C with 3 h post-
annealing at 500◦C (sample A, magenta stars) and without post-annealing (sample B,
red squares), and grown at 400◦C without post-annealing (sample C, blue triangles),
which are measured at 300 K with an in-plane magnetic field. Accompanying either an
increase of growth temperature or post-annealing is a striking deterioration of the vortex
state is observed. Typical AFM images of (b) sample B and (c) sample C, which shows
much larger grains and rougher boundaries in sample C.
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thickness is comparable to the dot diameter. [114–116] To date, this in-plane vortex state

has not been confirmed by experimental measurements. Therefore, we have decided to

investigate the thickness dependence of spin configurations and verify the existence of

the in-plane vortex state. The magnetic properties of Fe dots with 76 nm in average

diameter and 20-100 nm in thickness are measured by SQUID magnetometry at 300 K

with the magnetic field applied along the in-plane direction.

Figure III.10: (a) Magnetic hysteresis loops for Fe dots with an average diameter of
76 nm and a thickness of 20-30 nm, which exhibit enhancement of the vortex state as
the dot diameter increases. (b) Magnetic hysteresis loop for Fe dots with an average
diameter of 76 nm and a thickness of 42 nm, which shows parallel branches indicative
of the emergence of the in-plane vortex state (with vortex core pointing along an in-
plane direction), and a “step”-like feature around zero field. This “step”-like feature is
enhanced by an increase in the dot thickness, as shown in (c)-(d).

Fig. III.10 (a) shows the magnetic hysteresis loops of dots with thicknesses

of 20 nm (black squares) and 30 nm (red triangles), respectively. The increase in dot
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thickness from 20 nm to 30 nm results in a preference of the vortex state, as indicated

by a decrease in the coercivity, magnetic remanence, and loop width ratio. This vortex

state preference is due to reduction of the shape anisotropy, which has been investigated

by experimental measurements and theoretical calculations. However, when the dot

thickness is further increased to 42 nm, the hysteresis loops exhibit two striking features:

a small “step” around zero field and narrow hysteresis loop in the rest part, as shown

in Fig. III.10 (b). A narrow hysteresis loop is usually caused when an external field is

applied along the hard axis. However, this is ruled out in our case because the aspect

ratio for the nanodots is well below the transition point from in-plane easy axis to out-

of-plane axis. Micromagnetic simulations show that the parallel branches’ feature is due

to the emergence of the in-plane vortex state, which will be discussed in Chapter IV.

So far, we have confirmed the existence of the in-plane vortex state based

upon both magnetic measurements and micromagnetic simulations. For the “step”-like

feature, Ha et al. observed a similar result from numerical calculations and attributed it

to a switch in the core polarity (in-plane vortex state). [114] However, this feature has

not been reproduced by our micromagnetic simulations that model the in-plane vortex

state, due to unknown reasons. Another possible origin of this “step”-like feature is

the emergence of an out-of-plane single domain state in the dots with smaller diameter,

due to the dot size distribution. Also, the enhancement of the “step” as dot thickness

increases indicates that the out-of-plane single domain state is formed in a larger portion

of the dots, as shown in Fig. III.10 (c) and (d).

III.F Conclusions

In this chapter, we investigate the size dependence of magnetic nanodots fab-

ricated using self-ordered porous alumina shadow masks. For the 20-nm thick Fe dots,

direct evidence of both the appearance of the magnetic vortex whose diameter is smaller

than 100 nm, and a transition from a single domain to a vortex state as a function of

the dot diameter and applied magnetic field have been observed. This single domain

to vortex state transition has also been studied by FORC technique, which quantifies

the magnetic phase fractions and the distributions of vortex nucleation and annihilation
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fields. The vortex core size of 16±3 nm for the Fe dots with a diameter of 65 nm is ob-

tained from polarized GI-SANS measurements, which is in good agreement with results

of the Monte Carlo and micromagnetic simulations. Finally, we can also manipulate the

spin configurations through tuning of the magnetic anisotropy and dot thickness.

III.G Acknowledgement

Support by The Air Force Office of Scientific Research is gratefully acknow-

ledged.



IV

Micromagnetic simulations

IV.A Introduction

In Chapter III, we discuss how the transition from a single domain to a vortex

state is affected by an increase in the dot diameter by measuring the dot array using

SQUID magnetometry and the FORC method. However, a clear picture of the mag-

netic spin configurations for a single FM dot is still missing due to the feature size of

our dots (well below 100 nm), which reaches the resolution limit of current magnetic

microscopy equipments. With this in mind, additional numerical calculations (simu-

lations) are crucial for a clear understanding of the nanomagnetism. In this work we

perform micromagnetic simulations by using NIH OOMMF code, [34] which is based on

the Landau-Lifshitz equation:

dM

dt
= − |γ̄|M × Heff − |γ̄|α

Ms
M × (M × Heff) (IV.1)

where M is magnetization, Heff is the effective field, |γ̄| is the Landau-Lifshitz gyromag-

netic ratio, and α is the damping coefficient. SI units are used in these micromagnetic

simulations, and finally transformed into Gaussian units for consistency with experi-

mental results. Bulk parameters of Fe, with Ms = 1.7× 106 A/m, A = 2.1× 10−11 J/m,

and cubic anisotropy K1 = 4.8 × 104 J/m3, are used to simulate a single Fe nanodot as

well as a dot array. Considering the exchange length of Fe lex =
√

2A/(μ0Ms)2=2.4 nm,

a square cell with a size of 1 nm, which is much smaller than the exchange length, is

used for the 2-dimensional micromagnetic calculations. Calculation is considered to be

62
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at equilibrium when the torque |M × Heff | is less than a given tolerance, 1 × 106M2
s .

IV.B Study of spin configurations: single domain and vor-

tex state

The major hysteresis loops of a typical Fe single dot with a diameter of 30-100

nm are simulated with a uniform field, along the in-plane easy axis for cubic anisotropy,

and a step of ±100 Oe after saturation with a field of ±10 kOe, as shown in Fig. IV.1 (a).

When the diameter is 40 nm or smaller, the dot switches directly from positive (negative)

to negative (positive) saturation, as represented by a square hysteresis loop. According

to this simulation, a single domain state is the sole spin configuration. However, for a dot

with a diameter of 60 nm or larger, the spin configuration first switches from the single

domain to the vortex state at the nucleation field, and then switches to the single domain

state with the opposite spin direction at the annihilation field. Thus, the simulations of

hysteresis loops show that the single domain to vortex state (S-V) transition happens

between a diameter of 40 nm and 60 nm. This value is slightly smaller than found

experimentally, which indicated the S-V transition to occur at a dot diameter of 62 nm.

The discrepancy is partially due to the fact that the bulk magnetic parameters, which

are used in our calculations, are different from those at a length scale below 100 nm. In

addition, some of neglected factors, such as neighboring dot interactions, dot roughness

and anisotropies, can also affect the spin configurations.

The effect of dot interactions is studied by comparing the magnetic properties

for dot arrays with different dot distances. Fig. IV.2 (a) shows a typical schematic im-

age of an Fe dot (t = 20 nm, D = 60 nm) array, with black representing the magnetic

materials. Hysteresis loops for the dot arrays, with a center-to-center distance of 70

nm, 90 nm, and 120 nm, have been simulated with magnetic fields applied both along

the X-axis and Y-axis, as shown in Fig. IV.2 (b) and (c). The steps along the hystere-

sis loops correspond to unsynchronized magnetic switchings of the dots, which can be

smoothed out with more dots simulated. Regardless of the difference in the field direc-

tions, increased nucleation fields and decreased annihilation fields as the magnetic field

is decreased from positive saturation are observed in both Fig. IV.2 (b) and (c) with the
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Figure IV.1: (a) Diameter dependence of the magnetic hysteresis loops as calculated by
micromagnetic simulations which predict that a vortex state only exists for dots with a
diameter above 40 nm. (b) Diameter dependence of the ground state energy for the Fe
circular dot with spin configurations of the in-plane single domain state (blue circles),
out-of-plane single domain state (red squares), and vortex state (purple triangles). It
shows that the vortex state is the ground state for a diameter above 28 nm.
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Figure IV.2: (a) Schematic of dot arrays with different distances. Hysteresis loops for
the dot arrays with a center-to-center distance of 70 nm (black squares), 90 nm (red
circles), and 120 nm (blue triangles) simulated with magnetic fields applied along the
(b) X-axis and (c) Y-axis.
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distance increased from 70 nm to 90 nm. This results in a lengthened field range for the

existence of a vortex state, and correspondingly enhances its stability. As the distance

is further increased from 90 nm to 120 nm (twice the dot diameter 2D), there is only a

slight change in the hysteresis loops, meaning that interaction between the neighboring

dots can be neglected when the dot distance is close to 2D. Similar results have been ob-

tained by analytical calculations and Monte-Carlo simulations. [31] The dots fabricated

from the anodic porous alumina exhibit a distance slightly smaller than 2D, resulting

in a slight shift of the S-V transition towards a larger dot diameter. However, since the

distance is close to 2D, this weak dot interaction is neglected in the following simulations.

Figure IV.3: Simulated magnetic major loops and virgin curves for an cut-edge dot with
the magnetic field applied (a) parallel and (b) perpendicular to the cut-edge. Vortex
(c) nucleation field and (d) double annihilation fields plotted as a function of the angle
between the applied magnetic field and cut-edge.

The anisotropy effect has been studied by Monte-Carlo simulations, [31] giv-
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ing a universal trend: the higher the degree of degeneracy of states that minimize the

anisotropy energy term, the more such anisotropy favors the vortex state. In this chap-

ter, I will investigate the effect of an asymmetric shape anisotropy by artificially cutting

the circular dot along a straight line, as shown in Fig. IV.3 (a).

In addition to the major hysteresis loops (starting from the saturated single

domain state), we also simulated the reversal curves by starting from a reversal field

Hr back to positive saturation. These reversal curves follow either the major hysteresis

loop with Hr > Hn or Hr < Ha, or the virgin curve with Ha < Hr < Hn, in which

a magnetic dot is in its vortex state. When the magnetic field is parallel to the cut-

edge, the annihilation field along the virgin curves (Hn1) is smaller than that along the

major loop (Hn2), while Hn1 = Hn2 is observed with the field direction perpendicular

to the cut-edge. Snapshots of the spin configurations show that the discrepancy in

annihilation fields is due to different directions of vortex core motion. When the applied

magnetic field reaches the nucleation field, the positive (negative) single domain state is

transformed into the vortex state with the vortex core moving towards the dot center

from the cut-edge. The chirality of spins in the vortex state depends upon the relative

direction between the vortex core motion and the initial saturation magnetization. For

example, if motion of the vortex core is along the -Y direction and the initial saturation

magnetization is along the +X direction, the chirality of the formed vortex state is

counterclockwise.

The capability to manipulate the chirality of the vortex state by using a cut-edge

structure has been demonstrated by means of Lorentz transmission electron microsocpy

and magnetoresistance measurements. [117] Unlike the clear preference to nucleate from

the cut-edge, the vortex state can be annihilated with the vortex core leaving the dot

from either the round or cut-edge, depending upon both the change in magnetic field and

the vortex chirality. For the vortex state with a counterclockwise chirality, a decrease in

the magnetic field results in the vortex core leaving from the round side (along the major

loop), while an increase in the magnetic field leads to annihilation occurring from the cut-

side (along the virgin curve). The difference in the annihilation fields demonstrates that

the vortex state is more difficult to annihilate from the round side, which has been proved

by calculation of energy barriers as shown below. Enhanced annihilation field differences
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are observed with an increase in the cutting area (enhancement of shape asymmetry).

Taking into consideration the relation between the annihilation field and chirality, the

chirality of the vortex state can be determined by measuring the annihilation field.

We have also simulated the angular dependence by applying magnetic fields

along different angles relative to the cut-edge. Fig. IV.3 (b) shows the simulated hys-

teresis major loops (black) and typical virgin curves (red) with the angle (β) between the

cut-edge and magnetic field being 0◦, 45◦, and 90◦, respectively. The vortex nucleation

field and annihilation fields as a function of the relative angles are given in Fig. IV.3

(c)-(d). Despite the monotonic decrease in nucleation field, fluctuations in the annihila-

tion fields are observed. These fluctuations result in Hn2 > Hn1 around an angle near

45◦, while Hn2 < Hn1 observed at an angle far from 45◦. This angular dependence of

the annihilation fields has been confirmed by the butterfly structure as obtained from

FORC measurements, shown previously in Chapter III. [104]

Similar double annihilation fields are also observed in the calculation of Py

dots with the magnetic field along the cut-edge. However, both a single vortex and

two vortices (two vortex cores existing inside a single dot), which collapse into a single

vortex at remanence, can nucleate depending upon the dot size and material parameters,

although a single vortex state is the ground state. Unlike the case in which the single

vortex prefers to nucleate from the cut-edge, the nucleation of two vortices begins at

the round side. Along the major hysteresis loop, the vortex core moves from the round

side to the cut-edge, resulting in a smaller annihilation field. Thus, the annihilation

fields with Hn2 > Hn1 are observed with the nucleation of the two vortices, rather than

Hn2 < Hn1 that occur with the single vortex nucleation. The coexistence of single vortex

nucleation and double vortices nucleation has been observed by MOKE measurements

of Py dot arrays having 600 nm diameters, as represented by two groups of annihilation

fields both along the major loop and virgin curves. [118]
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IV.C Energy barriers between different spin configurations

IV.C.1 Calculation model

By assuming various initial magnetic spin configurations, a local minimum en-

ergy at zero magnetic field can be obtained from micromagnetic calculations. The dia-

meter dependence of the local minimum energies with an out-of-plane single domain,

an in-plane single domain and an in-plane vortex state are shown in Fig. IV.1 (b). For

dots (t=20 nm) with diameters less than 23 nm, an out-of-plane single domain state

is more energetically stable than an in-plane single domain state. An aspect ratio of

L/D = 0.87, corresponding to this critical diameter, is in good agreement with the tran-

sition value of L/D = 0.905, at which the magnetic easy axis transitions from in-plane

to out-of-plane. [26] For a diameter greater than 28 nm, a dot containing an in-plane

vortex state exhibits the lowest energy and will thus be the ground state. However,

this result disagrees with the simulations for the hysteresis loops, which shows that the

single domain to vortex state transition happens at a diameter of 40-60 nm. To resolve

this discrepancy, magnetic energies with various spin configurations are calculated under

different external magnetic fields.

Figure IV.4: Schematic of the five typical spin configurations: single domain, onion, “S”,
“C”, and vortex states.

Now we look carefully at spin configurations transition when an in-plane exter-

nal field is applied to dots with a diameter of at lest 60 nm and decreased down from 10
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Figure IV.5: (a) Distribution contour and (b) Gaussian fitting of the micromagnetic
calculation of Mz for a typical dot with a diameter and thickness of 60 nm and 20 nm,
respectively. (c) Various in-plane spin configurations modeled by a shift of the vortex
core, where SD, C, and VS represent single domain state, “C” state, and vortex state,
respectively.
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kOe. In this case, the spin configuration first switches from positive saturation to a “C”-

state (as shown in Fig. IV.4), and then to a vortex state at the nucleation field. With

a further decrease in external field, the vortex core gradually traverses out of the dot at

the annihilation field, finally switching back to the “C”-state again. When the field is

decreased down to -10 kOe, the spin configuration transfers back to its saturated single

domain state, but now in the opposite direction. [119] In this work, the different spin

configurations are built by shifting the vortex core relative to the dot, while the vortex

shape is unaffected, similarly to the rigid vortex model. [120] The spin configurations

with a vortex core at infinity are used to model the single domain state, while the spin

configurations with a vortex core lying inside the dot are used to model vortex states

(both core-centered and core-displaced vortex states), and those with a vortex core close

to but still outside the dot correspond to “C”-states. All the spin configurations are

shown in Fig. IV.5 (c). The single domain and “C”-state, which corresponds to a vortex

core lying outside the dot, are composed of in-plane only spins. However, the vortex

states are composed of both in-plane and out-of-plane spins within a vortex core.

For the vortex state, the distribution of out-of-plane spins Mz, shown in Fig. IV.5

(a-b), is fitted by a Gaussian distribution, which will then be used to reproduce the spin

configurations. The full width at half maximum (FWHM) of the Gaussian distribution

is weakly dependent upon the dot diameter and exhibits a value of roughly 12 nm for a

20 nm thick Fe single dot. With a cell size of 1 nm, the vortex spin configurations are

built by the following equations:

ρ =
√

(x − x0)2 + (y − y0)2 (IV.2)

Mz = Ms · exp(−4ln(2)ρ2/2w2) (IV.3)

My =
√

1 − M2
z · (y0 − y)/ρ (IV.4)

Mx =
√

1 − M2
z · (x0 − x)/ρ (IV.5)

where w = 12nm is the FWHM of the Gaussian distribution.

IV.C.2 Results and discussions

The magnetic energies of 20 nm thick Fe dots for these spin configurations are

calculated under different external magnetic fields, as shown in Fig. IV.6. With a positive
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Figure IV.6: Magnetic energy curves of the Fe nanodots with diameters of 20-80 nm
under an external field of (a) 10 kOe, (b) 0 Oe, (c) -1 kOe, and (d) -3 kOe. The field
dependence of the energy curves for a dot with diameters of (e) 30 nm and (f) 60 nm.
The discrepancy between the ground energy calculations and simulations of the hysteresis
loops can be explained by the existence of a metastable single domain state.
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external field of 10 kOe, a series of tilted energy curves for dots with diameters ranging

from 20-80 nm are shown in Fig. IV.6 (a), with the left side (negative magnetization)

lifted up. The single domains having positive magnetization exhibit the lowest energies,

without other local minima. When the external field is decreased to zero, the single

domain state still exhibits a lower energy than the vortex state in the dot with 20 nm

in diameter, as shown in Fig. IV.6 (b). However, dots with diameters of at least 30

nm have the vortex state as the global minimum, but with a local minimum energy

for the single domain state. For every energy curve, two energy barriers between the

two single domain states and the vortex state (VS), [121] during which the vortex core

moves either into or out of the dot, are observed. These energy barriers prevent switching

between the single domain and vortex states and their heights gradually decrease as the

dot diameter increases. Thus, the Fe dots still remain in their initial magnetic states

[positive saturation single (PSS) domain states], with the zero magnetic field applied.

Upon further decrease of the external field, the energy curves are tilted with the heights

of both barriers decreased. Fig. IV.6 (c) shows energy curves generated for a negative

external field of -1 kOe. For dots with diameters of at least 60 nm, the energy barriers

between the PSS and VS disappear, despite the nonzero energy barrier between the VS

and negative saturation single domain state (NSS). Thus, the magnetic states of these

dots are transformed into vortex states. However, for those dots having diameters of 40

nm or smaller, PSS states are still exhibited due to the nonzero energy barriers between

the PSS and VS. When the external field is decreased to -3 kOe, the energy barrier

between the VS and NSS disappears for all dots, while the barrier between the PSS and

VS remains for dots with diameters between 20 and 30 nm [shown in Fig. IV.6 (d)]. In

this case, the spin configurations have been switched from the VS to the NSS for dots

with diameters between 40 and 80 nm, while an even lower external field is required for

magnetic switching of those dots with diameters between 20 and 30 nm. Fig. IV.6 (e)

and (f) show the energy curves for various external fields for typical dots with 30 nm

and 60 nm diameters, respectively. The variation in the energy curves in Fig. 3 clearly

demonstrates that the VS can be exhibited for a dot with a diameter of 60 nm, but not

for 30 nm. The existence of energy barriers results in a metastable state, which is a

single domain state, for a dot with a diameter between 28 and 50 nm, thus preventing
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the appearance of vortex states.

IV.C.3 Applications of the energy barrier model

Figure IV.7: Magnetic energy curves of an elliptical dot with the field applied along the
(a) 80 nm long axis and (b) 50 nm short axis.

Using this energy barrier model, we can also study the anisotropy effect. For

example, shape anisotropy is introduced by the replacement of a circular dot with an

elliptical dot, which has a long and short axis of 80 nm and 50 nm, respectively. Fig. IV.7
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(a) and (b) show the energy curves for various external fields along the short axis and

long axis. When the external field along the short axis is decreased from 10 kOe, the

energy barrier between the PSS and VS disappears at a positive field of 1 kOe, thus

enabling switching to the VS. Inclusion of shape anisotropy reduces the energy barrier,

resulting in a positive nucleation field (vortex state nucleation occurring before zero field).

Accompanying a further decrease in the external field, the NSS appears at a field of -3

kOe. However, when the external field is applied along the long axis of the ellipse, only a

single domain state is observed and the spin configuration directly switches from the PSS

to NSS at a field of -2 kOe, which is due to enhancement of the energy barrier, resulting

from the shape anisotropy. Thus, it is expected that the different energy barrier heights

for given external field along both the long and short axes contribute to a discrepancy

in the magnetic switching, which has been confirmed by magnetic simulations.

Figure IV.8: Magnetic energy curves of an Fe dot with the asymmetric shape anisotropy
(cut-edge). Due to the asymmetric energy with the vortex core moving perpendicular
to the cut-edge, the vortex core prefers to move out the dot through the cut-edge rather
than the round side, resulting in two different annihilation fields.

When the asymmetric shape anisotropy is introduced through dot cut-edge, the

vortex state will annihilate at different magnetic fields, depending upon the movement

direction of the vortex core. In order to study the origin of double annihilation fields, we

built a series of spin configurations having a vortex moving perpendicular to the cut-edge.

The magnetic energies of these spin configurations are calculated in the same way for the
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above circular nanodot, shown in Fig. IV.8. For zero external field, an asymmetric energy

curve is obtained. The spin configuration with the vortex core closest to the round edge

exhibits a relatively higher energy, resulting in a higher energy barrier. Thus, the vortex

core prefers to move in (out) of the nanodot through the cut-edge at the nucleation

(annihilation) field, resulting in a smaller annihilation field for the vortex core moving

out through the cut-edge (along reversal curves).

IV.D Quantitative study of the single domain to vortex

state transition

The transition from the single domain to the vortex state has been quantified

by the magnetic hysteresis loop width ratio WM=0/WM=0.5Ms , where WM=0.5Ms and

WM=0 are the hysteresis loop width at half of the saturation magnetization and zero

magnetization, respectively. The width ratio plotted as a function of the dot diameter

(20 nm thick Fe dots) has been given in Chapter III, which shows a width fluctuation

with a minimum at an average diameter of 65 nm followed by a maximum at an average

diameter of 78 nm. This fluctuation of width ratio should be related to the transition

from a single domain to a vortex state, but the origin of the minimum and maximum in

the width ratio cannot be obtained directly from either SQUID measurements or current

analytical calculations. However, we are able to give a possible explanation by using

2-dimensional micromagnetic simulations.

The calculated loop width ratio of WM=0/WM=0.5Ms is given in Fig. IV.9 (a),

which shows a similar curve to these obtained from experimental results and Monte Carlo

simulations. The quantitative difference between these simulations and experimental

results can be fitted by further adjusting the simulation parameters. To investigate the

origin of loop width fluctuation, we simulated magnetic hysteresis loops and snapshots

of the spin configurations for Fe dots with a diameter of 60 nm, 69 nm, 78 nm, and 90

nm, respectively, as shown in Fig. IV.9 (b)-(e).

We classify the Fe dots into four different categories based on their diameters.

These categories are the following: less than 69 nm, 69-78 nm, 78-84 nm, and larger than

84 nm. A single domain state is exhibited for a diameter less than 69 nm (first category),
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Figure IV.9: (a) The ratio of the hysteresis loop width (WM=0/WM=0.5Ms) at M = 0
(zero magnetization) and M = 0.5Ms (half of saturation magnetization) as a function
of dot diameter; Magnetic hysteresis loops for dots with diameters of (b) 60 nm, (c) 69
nm, (d) 78 nm, and (e) 90 nm.
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with square hysteresis loops corresponding to coherent spin rotation. For a diameter of

69-78 nm, a striking decrease in the hysteresis loop width is observed accompanying

the spin configuration transition of single domain state→vortex state→single domain

state. However, a width ratio peak is observed in the dots with diameters ranging

between 78 and 84 nm. This increased width ratio is due to the appearance of two

switching fields Hs1 (from the single domain state to the “C” state) and Hs2 (from

the “C” state to the vortex state), rather than a single switching field (from the single

domain to the vortex state), as observed in other categories. This width ratio fluctuation

has also been investigated by using Monte Carlo simulations, and shows a similar two

switching fields for Fe dots with a diameter between 67 and 78 nm. However, the origin

of the second switching field in Monte Carlo simulation is due to the appearance of

the “S”-state (as shown in Fig. IV.4), rather than that of the “C”-state, as found in

micromagnetic simulations. The simple explanation for the different magnetic reversals

is that the energy barrier variations are strongly dependent upon dot diameter. However,

we cannot give quantitative calculations of the energy barriers, due to ambiguity in the

spin configurations.

IV.E Thickness dependence of spin configuration

Ha and Porrati [114, 115] have predicted the existence of a vortex state with

in-plane spins in the vortex core (referred to as an in-plane vortex state) for a dot with

a thickness comparable to the dot diameter. To confirm the existence of this in-plane

vortex state, we have investigated the thickness dependence for the spin configurations,

shown previously in Chapter III, by varying the Fe dot thickness (D = 76 nm) from 20

to 100 nm. Additionally, in this chapter the 3-dimensional micromagnetic simulations

for an in-plane and out-of-plane magnetic field are used to interpret our SQUID results.

In order to do this, dots with diameters of 45 nm and 66 nm are divided into small cells

of uniform rectangular cylinders with a length, width, and height of 1.5 nm, 1.5 nm, and

2.5 nm, respectively. Magnetic hysteresis loops are simulated by varying the magnetic

field with a field step of ±200 Oe, starting from the saturated single domain states.

When the thickness of the Fe dots (66 nm in diameter) is less than 30 nm,
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Figure IV.10: (a) Simulated in-plane magnetic hysteresis loops for Fe dots (D=66 nm)
with thicknesses of 20 nm and 30 nm, showing an preference of the vortex state as the
dot thickness increases. (b) In-plane simulated hysteresis loops of an Fe dot (D=66 nm)
with a thickness of 42 nm. The narrow loop width corresponds to the emergence of an
in-plane vortex state with the vortex core along the in-plane direction.
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the stability of the vortex state is enhanced due to an increase in the dot thickness,

with an increase of the field range between nucleation field and annihilation field, as

shown in Fig. IV.10 (a). This vortex state preference, which has been confirmed by the

SQUID measurements shown in Chapter III, is due to reduction in shape anisotropy

(magnetostatic energy) as the dot thickness increases. For a dot thickness above 30 nm

(still much smaller than the dot diameter), we observe a transition from the out-of-plane

vortex state to the in-plane vortex state, with the two branches of the hysteresis loops

being parallel to one another [shown in Fig. IV.10 (b)], even though zero-field energy

calculations show that an out-of-plane vortex state has a lower energy than an in-plane

vortex state for these dots. Reduced hysteresis loop width (coercivity) is observed as the

dot thickness is further increased. This transition is due to a reduction in the Zeeman

energy for an in-plane vortex state with the spins inside the vortex core pointing along

the magnetic field, resulting in a transition from the out-of-plane vortex state to the

in-plane vortex state for a dot thickness still well below the dot diameter. This in-plane

vortex state is also observed for Fe dots (45 nm in diameter) with a thickness greater

than 30 nm.

More interesting results are given by micromagnetic simulations in which an

out-of-plane magnetic field is applied. For a thickness (66 nm in diameter) of 50 nm and

smaller, an out-of-plane vortex state is observed with the two branches of the narrow

hysteresis loops parallel to one another, similar to the in-plane vortex state caused by an

out-of-plane magnetic field. For the dot with a 45 nm diameter and 20-40 nm thickness,

an out-of-plane vortex state is also observed with the out-of-plane magnetic field, despite

only in-plane single domain state observed from the simulations with in-plane magnetic

field applied. Similar to the previous case, the formation of an out-of-plane vortex state,

instead of an in-plane vortex state (in-plane single domain state), is due to the reduced

Zeeman energy for the spins with an out-of-plane vortex state pointing along the external

magnetic field. For a dot (66 nm in diameter) thickness above 50 nm, a pinched hysteresis

loop, similar to the typical feature of the out-of-plane vortex state with in-plane magnetic

field, is observed. The snapshots for these spin configurations show that the saturated

out-of-plane single domain state is first transformed into an unusual out-of-plane vortex

state (the spins at the two surfaces of dot rotate with opposite chiralities) as magnetic
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Figure IV.11: (a) Simulated out-of-plane hysteresis loops of Fe dots with a diameter
and thickness of 66 nm and 60 nm, respectively. As the magnetic field is increased from
negative saturation, spin configurations corresponding to the out-of-plane vortex state
with opposite spin chiralities at two surfaces, the in-plane vortex state, and the out-of-
plane vortex state with same spin chiralities are observed; (b) Out-of-plane simulated
hysteresis loops for Fe dots with a diameter of 45 nm and thickness of 20-50 nm.
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field decreases, as shown in Fig. IV.11 (a). The formation of this unusual vortex state

is due to the dipolar interaction between spins at the two surfaces. This interaction

rotates the spins at the two surfaces in opposite directions. However, energy calculations

show that this unusual vortex state is a metastable state, with a higher energy than the

normal out-of-plane vortex state (the spins at the two surfaces of the dot rotate with the

same chiralities). When the magnetic field is further decreased, the spin configuration is

transformed first into another metastable state, an in-plane vortex state, and finally into

the normal stable out-of-plane vortex state with the rotation of the vortex core. For the

Fe dots with diameters of 45 nm and thicknesses greater than 40 nm, a similar unusual

out-of-plane vortex state is also found to be a metastable state as the magnetic field

decreases. Further decreasing the field, however, results in a transition to out-of-plane

single domain, instead of the normal out-of-plane vortex state, as found previously for

the dot with a diameter of 66 nm, shown in Fig. IV.11 (b). Unfortunately, this unusual

out-of-plane vortex state has not been confirmed by experimental measurements, which

could be due to the distribution of dot sizes and dot interactions in real samples.

IV.F Conclusions

Micromagnetic simulations have been used to investigate the transition of mag-

netic spin configurations from a single domain to a vortex state. Although the vortex

state is the ground state for Fe dots with 20 nm in thickness and the diameter more than

28 nm, the simulations of magnetic hysteresis loops show that a vortex state does not

exist for the dot with diameter of 40 nm and smaller. To explain this discrepancy, the

magnetic energies of various spin configurations are calculated. This simple model can

qualitatively demonstrate magnetic switchings and explain the above discrepancy, which

is due to a metastable single domain state resulted by the energy barriers along energy

curves. The influence shape anisotropy on the magnetic switchings can also be quali-

tatively explained by the different height of energy barriers. In addition, the nanodot

thickness dependence of spin configurations is also investigated by using a 3-dimensional

model, which exhibits the transition from an out-of-plane vortex state to an in-plane

vortex state with a increase of dot thickness.
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V

Interactions between magnetic

nanostructures and an adjacent

superconducting film

V.A Asymmetric pinning of superconducting vortices by

magnetic dots and antidots

V.A.1 Introduction

In Type-II superconductors, superconducting vortices can be formed with quan-

tized magnetic fluxes trapped at defects. The pinning of superconducting vortices at

magnetic (nonmagnetic) pinning centers has been investigated comprehensively due to

their potential applications and other related scientific interests. [55–59,122,123] To date,

the pinning centers of the superconducting vortices are mostly fabricated by electron

beam lithography with large pattern spacing, which results in a small first matching

field and limits the potential applications especially in the context of high magnetic

fields. In our work, magnetic pinning centers (magnetic nanodots or antidots), with

spacing of approximately 100 nm, are fabricated using the self-ordered porous alumina

masks, which can result in a first matching field as high as 2 kOe. Since these pinning

centers cover a macroscopically large area (over 1 cm2), the flux pinning effect can be

84
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measured by a conventional magnetometry, such as the SQUID magnetometry.

V.A.2 Sample preparation

Figure V.1: Typical (a) SEM image and (b) distribution of the dot distances in sample
A with 40 nm thick Fe dots, fabricated by using porous alumina anodized under 48 V.
Typical (c) SEM image and (d) distribution of pore distances in a porous alumina mask
(anodized under 40 V), used to fabricate samples B and C.

The samples are fabricated by evaporating a niobium (Nb) film on top of FM

nanodot (sample A) and antidot (sample B, C) arrays. For sample A, 40 nm of the Fe

are electron beam deposited, using a 300 nm thick porous alumina (anodized at 48 V)

shadow mask. Iron dot arrays [ Fig. V.1 (a)-(b)] are obtained after removal of the anodic

alumina via a solution of 6.0 wt% phosphoric acid and 1.8 wt% chromic acid. Sample

B is an FM antidot array (network) fabricated with 40 nm of FM deposited on top of

a 1.5 μm-thick porous alumina mask (anodized at 40 V), as shown in Fig. V.1 (c)-(d).

An additional coverage of 10 nm SiO2 is used to eliminate the proximity effect. To
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clarify the magnetic contribution to the flux pinning effect, sample C (with nonmagnetic

antidots) is also fabricated with the deposition of 50 nm SiO2 on top of the same porous

alumina mask as sample B. 100 nm thick Nb films are then deposited on top of the

pinning centers by molecular beam epitaxy (MBE) with a base pressure below 10−9

Torr. Tilted deposition with the beam at 25◦ to the normal ensures that the Nb film in

sample B is well separated from the possible FM dots at the bottom of the pores. The

critical temperature of the superconducting film is measured by SQUID magnetometry

by gradually increasing the temperature from 4.5 K to 9 K under a small magnetic field

of 50 Oe. The temperature at which the magnetization reaches zero is defined as the

critical temperature. For samples A-C, the critical temperatures are reduced to 7.25

K, despite the high Tc (8.75 K) of their co-deposited Nb film. This decrease in critical

temperature could be due to deterioration from the pinning centers.

V.A.3 Pinning of superconducting vortices as induced by the pinning

centers

Figure V.2: Magnetic measurements of the superconducting flux pinning effects in sample
A with 40 nm Fe dots as the pinning centers at temperatures from 4.5 to 6.4 K. Dash
lines are eye guids of matching fields, with the first matching field of about 1450 Oe.
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Figure V.3: (a) Magnetic measurements of sample A at 5.5 K (below the critical tem-
perature) and 25 K (above the critical temperature), which exhibit the coexistence of
the magnetic signal from both the superconducting film and the magnetic pinning cen-
ters; (b) The signal solely from the superconducting layer, obtained after removal of the
dots signal. Red squares and blue solid triangles represent the loop branches with the
decreasing and increasing magnetic field applied, respectively.
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Figure V.4: (a) Magnetic measurements of sample B with 40 nm thick Fe antidots
as pinning centers, which show enhanced asymmetric flux pinning when compared to
sample C. Dark cyan dash lines are eye guides for the matching fields. (b) The effect
of the magnetic dipoles on flux pinning revealed by measuring the reversal curves with
reverse fields (Hr) of 1 kOe, 0 Oe, and -3 kOe. Dark cyan, blue, dark yellow, and
red dash lines are eye guides for the first matching fields according to the major loop
measurement, and minor loop measurements with reversal fields of 1 kOe, 0 Oe, and -3
kOe, respectively.
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To study flux pinning, the samples are measured by decreasing and increasing

the applied magnetic field after the samples have been saturated at 40 kOe and -40 kOe,

respectively. The magnetic hysteresis loops of sample A at a temperature between 4.0

and 6.5 K are measured as shown in Fig. V.2. A clear coexistence of magnetic signals from

both the dots (antidots) and superconducting film for sample A is observed. Fig. V.3

(a) shows the full scale hysteresis loop for sample A after removal of the diamagnetic

background signal, with the saturation of the samples at a field of approximately 15

kOe. Unlike the typical small magnetic signals found after saturation of the samples, a

high magnetic signal comparable to the value of the zero-field peak is observed in our

samples. The signal from the superconducting layer is obtained after removal of the dots

signal, which is measured at a temperature close to, but above Tc for our samples, as

shown in Fig. V.3 (b).

Despite a 10-15% standard deviation from the average pinning center size and

distance, strong flux pinning effects are observed in our samples. This is shown by peaks

in the magnetization curves, as opposed to the steps mentioned in other references.

[55, 60, 61] The positions of the peaks correspond to the matching fields given as H1,

H2 = 2H1, and H3 = 3H1. For the sample with hexagonally distributed pinning centers,

the first matching field H1 is given as

H1 = (2/
√

3)(Φ0/l
2) (V.1)

where Φ0 is the magnetic flux quantum of 2.0678 × 10−15 T·m−2, and l is the distance

between pinning centers. Analysis of the SEM image for sample A shows that the average

distance is 120.5 nm, which gives a first matching field of 1644 Oe. This calculated

matching field is about 13% larger than the experimentally measured value of 1450 Oe,

obtained from the first peaks in the magnetization curves. Similar discrepancies have also

been observed on other samples, as shown in Table V.1. The origin of these discrepancies

has been attributed to the disorder of pinning centers. [61]

To clarify these discrepancies, we have investigated the pinning effects by tuning

the magnetic moment with different reversal fields, as shown in Fig. V.4 (b). We first

saturate our sample with a high positive field of 60 kOe, and then slowly decrease the

field to the various reversal fields of Hr = 1 kOe, 0 Oe, and -3 kOe. Pinning effects are
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Table V.1: List of first matching fields obtained from experimental measurements and
theoretical calculations.

Sample Distance of pinning H1 from H1 from Discrepancy

centers (nm) calculation (Oe) measurements (Oe)

A 120.5 1651 1450 12%

B 99.8 2406 2050 15%

C 99.8 2406 2000 17%

measured by increasing the magnetic field from Hr. A slight reduction of flux pinning

strength and a decrease in the matching field are observed with a decrease in reversal field

and thus a decrease in magnetic moment (more negative) for the pinning centers. This

correlation between pinning strength and matching field indicates that the discrepancies

could be a result of local maxima shifting along a magnetization curve (due to the

intrinsic properties of the superconducting film) with a nonzero gradient.

Unlike the lithographically fabricated samples with pinning center distances

greater than several hundred nanometers, the periodicity of our pinning centers is of the

same order length scale as the superconducting Nb film. [55, 60] This ensures that the

potential energy of the superconducting vortices is dominantly periodic even at very low

temperatures. [124] Thus, strong flux pinning in samples A and B is observed over a

broad temperature range from 4.0 to 6.5 K, in contrast with the narrow temperature

range close to Tc required for lithographically fabricated samples. At high temperature,

the increased size of the superconducting vortices results in strong overlapping and in-

teraction between superconducting vortices. This reduces the flux pinning forces. The

flux pinning effect is more pronounced at lower temperatures, although weaker pinning

and non-monotonic magnetization curves are observed at temperatures below 4.5 K due

to avalanches of superconducting vortices. [125–127]

V.A.4 Asymmetric pinning of superconducting vortices as induced by

magnetic nanostructures

Striking asymmetric pinning effects are found in samples A and B. Pronounced

flux pinning peaks are observed at the right side with H > 0, while a sharp decrease in
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Figure V.5: Magnetic measurements of sample C with a porous alumina mask as the
nonmagnetic antidot pinning centers. Dash lines are eye guids for matching fields. A
slightly asymmetric flux pinning effect could be due to ferromagnetic impurities or in-
trinsic properties of the superconducting film.

the magnetic signal without a flux pinning effect are observed at the left side, as shown

in Fig. V.2 and Fig. V.4. This asymmetric pinning effect is evidence of a flux pinning

force from the local magnetic stray field of dots (antidots). Larger asymmetry is found

in samples composed of pinning centers with higher magnetic moments. The asymmetric

flux pinning from dots has been attributed to the different locations of superconducting

vortices (either strongly pinned at the dot pinning centers or weakly pinned at the

interstitial sites), and is affected by the direction of the magnetic flux relative to the

magnetic polarity of the pinning center. [128–132] A simple energy calculation of the

superconductor/ferromagnets (S/F) system has been implemented by Van Bael et al.

to explain this magnetic dipolar contribution: Etot = Ekinetic + Efield + Emoment. [130]

Due to the interaction between the supercurrents and dipoles induced screening currents,

Emoment is dependent upon the magnetic polarity as

Emoment = −
∫

�m(�r) ·�b(�r)d�r (V.2)
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where �m is the magnetic moment of pinning site, and �b is the local magnetic field due

to the flux. With the magnetic moment �m parallel to the flux field �b, opposite rotation

of supercurrents and dot dipole induced screening currents result in a negative Emoment.

The large magnetic moments at the dots result in a lower energy with superconducting

vortices at dots than at interstitial sites. Thus, a pronounced pinning effect is observed,

with the superconducting vortices strongly pinned at the dot pinning centers. [128–130]

On the other hand, for a positive value of Emoment, when �m is antiparallel to �b, the

interstitial positions will be the pinning sites. Weaker pinning forces at the interstitial

sites result in a less pronounced flux pinning effect.

One major difference between our samples and Van Bael’s samples [130] is the

high matching fields (H1 = ±1450 Oe in sample A, and H1 = ±2150 Oe in sample

B) and relatively small coercive field of pinning centers for our samples. The magnetic

measurement at a temperature of 25 K (well above the critical temperature of the super-

conducting layer) shows that the coercivity of FM dots in sample A (antidots in sample

B) is below 100 Oe (700 Oe) when an out-of-plane field is applied. Unlike the fixed mag-

netic moment with small matching fields as reported in Van Bael’s paper, the magnetic

moments of sample A are 3.6×10−4 emu and -3.2×10−4 emu at the first positive and

negative matching fields. The magnetic moments are parallel to the external magnetic

field at the both sides, which should result in similar strong flux pinning. So far, a clear

interpretation of the strong asymmetric flux pinning in samples A and B is still missing.

V.B Bistability of a superconducting film induced by mag-

netic vortices

V.B.1 Introduction

The role of spin configurations on the pinning effects has been investigated in a

hybrid system of FM/AF. In that system, the magnetic spin configurations of FM dots

can be imprinted into the adjacent AF layer when the exchange coupled system is cooled

below TN of the AF material. [133,134] In this work, we propose a novel S/F structure in

which the ferromagnetic characteristics are imprinted into the superconducting transport

properties by magnetic stray fields. [62,135]
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V.B.2 Sample preparation and corresponding magnetic properties

Arrays of Fe dots (20 nm thick) covered with a Au capping layer (1 nm thick)

are fabricated on n-type Si substrates using nanoporous alumina as shadow masks. Three

FM dot arrays A (D = 55±5 nm, l = 85±20 nm), B (D = 75±5 nm, l = 120±20 nm) and

C (D = 140±20 nm, l = 180±40 nm), where D and l are the dot diameter and distance

(center-to-center), are then covered with a superconducting Al thin film, either 20 or 40

nm thick. A standard four-probe bridge for magnetotransport measurements is defined

using optical lithography and ion etching. The superconducting critical temperatures

are found to be around Tc = 1.40 ± 0.02 K for all samples.

Figure V.6: Normalized magnetization vs. in-plane applied field for (a) sample A and
(b) sample C at T=6 K (Ms saturation magnetization). Normalized resistance vs. in-
plane applied field for (c) sample A and (d) sample C (RN normal-state resistance), at
T=1.25 K =0.89 Tc with J=25 kA· cm−2. Hollow (white) and solid (brown) dots are for
curves measured starting from negative and positive saturation, respectively. Triangles
(green) represent the virgin curves. The negative branches of the M//(H) virgin curves
are mirror images of the positive ones. Vertical dashed lines point out coercive fields.
The sketches are cartoons of the reversal mechanisms. (After Ref. [62]).

Magnetic properties of FM dot arrays are measured using SQUID magneto-
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metry with an in-plane external magnetic field and at a temperature of 6 K. The major

hysteresis loops and reversal curves are shown in Fig. V.6. The hysteresis loop for sample

A [Fig. V.6 (a)] corresponds to magnetic reversal of a single domain state with coherent

rotation of magnetic spins. Meanwhile, the hysteresis loops of samples B and C exhibit

a pinched neck around zero remanence, [Fig. V.6 (b)] which is a feature characteristic

of a magnetic vortex state. When the magnetic field is decreased, this magnetic vortex

state is formed at the nucleation field of Hn ≈ −100 Oe, and transformed back to a

single domain state in samples B and C at the annihilation field of Ha ≈ 1.5 − 1.25

kOe. Due to the distribution of dot sizes and dipole interactions between neighboring

dots, there is a wide distribution of annihilation and nucleation fields, with full-width

at half-maximum of ∼0.5 kOe, which has been observed in the FORC measurements.

Minor loop and reversal curve measurements exhibit the reversible properties of a vortex

state in samples B and C within the field range of Hn < H < Ha. A detailed discussion

of the single domain and vortex state has been given in Chapter III.

V.B.3 Magnetoresistance measurements and discussion

DC magnetotransport measurements are done in a liquid He cryostat mainly

with the magnetic field applied along the in-plane direction. Figs. V.6 (c)-(d) show

the magnetoresistance of sample A and B, as a function of the applied magnetic field

at T = 1.25 K= 0.89Tc, with the current J = 25kA · cm−2 injected parallel to the

field. The solid (brown) and hollow (black) data are measured from positive to negative

saturation (with Hc ≈ 2.5 kOe) and vice-versa, respectively. Triangles (green) are for

the “virgin” curves with measurements performed from zero magnetization to positive

(negative) saturation.

Sample A exhibits a similar magnetoresistance [Fig. V.6 (c)] when the field is

swept from positive to negative saturation (or vice versa) or when swept from zero field

to saturation after a demagnetizing cycle. For lower fields, a several orders of magnitude

drop in resistance characterizes the transition into the superconducting state, with a

gradual transition into the normal state as the applied field is increased above Hc2.

Samples B and C exhibit a strikingly different behavior [see Fig. V.6 (d)]. When the field

is swept from positive (or negative) saturation, the resistance remains close to normal-
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state values at all fields, with small minima around the coercive fields (at Hc ∼0.5 and

∼0.3 kOe for samples B and C respectively). After a demagnetizing cycle (triangles),

a deep superconducting transition takes place, similar to sample A. Depending on the

magnetic history, two different resistances high (Rh) and low (Rl) are found for a fixed

applied magnetic field within a certain range. The typical reversal properties of FM dots

are also dramatically imprinted into the magnetotransport of this hybrid system. For

samples B and C, the linear reversible response of FM dots near the origin in the virgin

curve [triangles (green) in Fig. V.6 (b)], which corresponds to the reversible vortex core

motion within the nanodots, is imprinted into the magnetoresistance with the reversible

magnetoresistance curve [triangles (green) in Fig. V.6 (d)] when the field is swept back

and forth. This reversible behavior is lost after the applied field exceeds ∼1.5 and ∼1.25

kOe (annihilation fields of FM dots) for arrays B and C, respectively.

Figure V.7: Normalized resistance vs. in-plane applied field for sample B at T=1.25
K=0.89 Tc (RN normal-state resistance) corresponding to different cycles with different
|Hr| (legend in kOe) after saturation at Hs=2.5 kOe. The vertical arrows point out
Hr. Inset: Normalized resistance vs. normalized in-plane magnetization (Ms saturation
magnetization) at zero applied field. Each point corresponds to a different cycle (|Hr|
indicated by the numbers close to each point). Lines are eye guides. (After Ref. [62]).

The relation between resistance R(H) and magnetic moment M//(H) is also
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Figure V.8: (a) Magnetostatic calculations of the out-of-plane stray field H⊥(x,y) pro-
duced by the vortex cores for distributions in which all vortices have the same polarity
(all point down). The legend for H⊥(x,y) in Oe is shown as a color grade bar above
graphs. Calculation is made with the parameters of array B (b) same as in (a) for a
random distribution of vortex polarities (crosses for down, black dots up). (c) Same as
in (a) for an antiferromagnetic arrangement of the vortex polarities. (After Ref. [62]).

investigated. The resistance R(H) is measured, after applying a positive saturating

field Hs, as the field is decreased to a reversal field Hr and then swept back to positive

saturation, as shown in Fig. V.7. M//(H) is independently measured for the same cycles

(not shown). Using values for R(H) and M//(H), which are measured as described

above, we obtain resistance as a function of the in-plane magnetization, i.e. R(M//),

for any field H. A strong asymmetry, with R(−M//) two to four orders of magnitude

lower than R(M//), implies that besides the in-plane magnetization M// an additional

“hidden” variable (linked to the magnetic history) leads to this unusual behavior. The

only neglected magnetic variable is the out-of-plane magnetization M⊥ in the vortex

cores, therefore it must play a significant role.

To evaluate the effect of M⊥ on the superconducting film we calculate the

out-of-plane magnetic field H⊥ produced by the vortex cores and compare it to the su-

perconducting critical field Hcr. [136] The magnetic field profiles obtained are strongly

dependent upon the distribution of the vortex core polarities. We have studied the field

profiles for the following three different polarity distributions: (a) all the vortices have

the same polarity, (b) a random distribution of polarities, and (c) an antiferromagnetic



97

(AF) arrangement of polarities. If all the magnetic vortices have the same polarity

[Fig. V.8 (a)], H⊥ > Hcr everywhere between the dots, the Al film is expected to be

in the normal state. With a random distribution of polarities [Fig. V.8 (b)], H⊥ < Hcr

between vortices with opposite polarity, there is a significant percentage of superconduct-

ing “channels” (20±2% of the space between dots) and so, even if not enough to allow

percolation, a low finite resistance is expected. Finally, for an AF distribution [Fig. V.8

(c)] H⊥ < Hcr in 36±2% of the space between dots, and therefore percolation and zero

resistance is expected. Taking into account the distribution of dot sizes and interactions

between neighboring dots, Fig. V.8 should not be taken literally as a situation in real

samples. However, these calculations show that a transition from higher to lower resis-

tance is expected as the polarity distribution changes from one with the same polarity

for the majority of vortices to the other in which 50% of the vortices point up/down.

The high-resistance state observed as the external field is reduced from saturation im-

plies that a majority of vortices nucleate with equal polarity [Fig. V.8 (a)]. Although

this is in principle unexpected (a 50% up/down polarity distribution is energetically fa-

vorable), it can be caused by the unavoidable misalignments between the applied field

and the array plane, as shown by micromagnetic simulations in which ∼4◦ misalignment

produces 85% of the vortices with the same polarity. The low-resistance implies a bal-

anced population of polarities (50% up/down). As the applied field is reduced further

to Hr close to the vortex annihilation fields and then reversed, only a fraction of the

vortices are annihilated. As the field is reversed these nucleate with opposite polarity so

as to reduce magnetostatic interactions with their neighbors, and, due to the external

field misalignment, now favors the opposite polarity. Thus, these minor loops yield a

balanced population of polarities [Fig. V.8 (b)-(c)]. Since the polarity distributions only

change through annihilation/nucleation processes, the low-resistance state is reversible

as long as the applied field is below the annihilation field for the majority of the vortices.

Magnetotransport measurements have also been performed with the sample

manipulated by various out-of-plane magnetic fields. After saturation with a negative

field of -20 kOe, various positive fields (Hz) are applied to tune the magnetic spin con-

figurations of the FM dots. Magnetoresistances are measured by sweeping the in-plane

field from -150 Oe to 150 Oe after removal of the positive fields Hz. Fig. V.9 (a) shows
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Figure V.9: In-plane magnetoresistance measurements of (a) sample B and (c) sample A
after the samples are manipulated by various out-of-plane magnetic fields. Normalized
magnetoresistance as a function of out-of-plane manipulation fields for (b) sample B and
(d) sample A.
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the magnetoresistance curves for sample B as functions of the sweeping fields. Magne-

toresistance at a fixed field (corresponding to positive and negative minima) is shown in

Fig. V.9 (b) as a function of Hz. The transition from high resistance to low resistance

(or vice versa) is related to polarity switch of the vortex cores. For sample B, the vortex

cores start to switch polarity at Hz = 1500 Oe. At Hz = 4000 − 5000 Oe, the polarities

of over 90% of the cores have been switched. However, the out-of-plane measurement of

sample A gives a similar result to sample B and C, [as shown in Fig. V.9 (c) and (c)] de-

spite the difference in the in-plane measurements. This discrepancy can be explained by

the micromagnetic simulations with in-plane and out-of-plane applied fields as discussed

in detail earlier in Chapter IV. For samples with larger dots, a vortex state is formed

for both the in-plane and out-of-plane fields. For samples with smaller dot, such as the

45 nm diameter dots, a single domain state is exhibited for the in-plane magnetic field,

while a vortex state is formed with the out-of-plane magnetic field in order to reduce

Zeeman energy (vortex core parallel with magnetic field).

V.C Conclusions

Strong flux pinning effects have been observed in S/F samples with FM dots

and antidots as the pinning centers, despite a 10-15% standard deviation in dot diameter

and periodicity. The observed asymmetry in flux pinning, which is dependent upon the

direction of the magnetic moments of the dots relative to that of the flux field, clearly

demonstrates the significant role of magnetic dipole in flux pinning. In addition, we

have found that the properties of magnetic vortices can be imprinted into the transport

properties of superconducting (Al) thin films. This dramatically modifies the behavior

of the superconductor, for which magnetoresistance and magnetization show similarly

reversible or irreversible behavior. These effects are induced by out-of-plane magnetic

fields produced by the magnetic dots, including stray fields from single domain dots and

out-of-plane fields from vortex cores.
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VI

Other applications of porous

alumina

VI.A Introduction

In Chapter II, we used anodic porous alumina as a shadow mask for the fabri-

cation of magnetic and nonmagnetic nanodots. The self-ordered porous structure with

well controlled pore size, large pattern coverage, and low cost proves that porous alu-

mina is a good candidate for nanofabrication techniques to replace conventional electron

beam lithography. The capability to fabricate porous masks with a periodicity less than

20 nm, which exhibit pore density in excess of 1012 per square inch, suggests potential

applications of this fabrication method towards ultrahigh density recording media. In

Chapter V, the pores in porous alumina and nanodots have also been used as the pinning

centers for an adjacent superconducting film, which can enhance the critical currents and

magnetization at matching fields. In this chapter, I want to discuss the application of

porous alumina as sensing devices. [137–139]

Due to the large surface to volume ratio, porous materials have been widely

investigated as chemical sensing and biosensing devices. [140,141] When chemical vapors

or biomolecules are adsorbed inside the pores, a dramatic change in the electrical or

optical properties of porous materials can be detected. In this work, we investigate

the porous samples by monitoring a change in the refractive index n with a sensitive

101
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Figure VI.1: (a) Schematic of Fabry-Pérot interferometer; (b) Reflectance spectrum of
a typical porous alumina sample with an pore diameter of 13±3 nm. Inset: Fast Fourier
transform (FFT) of the spectrum, with the peak corresponding to the effective optical
thickness (2nL) of the layer. (After Ref. [137]).
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optical interferometer. The spectra shows a series of interference fringes arising from the

interference between light reflecting from the top and bottom interfaces of the porous

samples. Because the pore diameter is much smaller than the light wavelength λ, the

porous layer acts as a single medium with an average refractive index. The fringe maxima

are described by the Fabry-Pérot relationship mλ= 2nL, where m is an integer and L is

the thickness of the porous layer. The term 2nL is the effective optical thickness of the

porous layer, which can be obtained directly as the fast Fourier transform (FFT) peak

position, as shown in Fig. VI.1. Filling the pores with an analyte results in a change in

n, which causes a shift in the FFT peak position. [140–142]

This optical interferometry method has been widely used by Sailor et al. [140–

142] to investigate the function of porous silicon (PS) as a sensing device. However,

severe degradation due to silicon oxidation reduces the repeatability and reliability of

PS sensing devices. Additional treatments to PS, such as pre-oxidation, are required

to reduce this degradation. Moreover, it is very difficult to fabricate PS with pore

diameters larger than 10 nm, which limits its application towards biosensing, as the size

of biomolecules are often larger than 10 nm. In addition, PS materials are not ideal

candidates for the investigation of the basic mechanism of porous sensing, due to their

disordered and interconnected pores. [143, 144] In this work, we present a study of the

capillary condensation of organic vapors within nanoporous alumina with pores open at

one end and well controlled sizes in the 10 to 60 nm diameter range.

These porous alumina samples are prepared by anodizing aluminum films on

n-type Si substrates, with the pore size and periodicity being controlled by anodization

voltages and as well as additional acid etching as described previously. The alumina

thickness is at least 6 μm thick so as to ensure that the FFT peaks occur well above

the low frequency noise. The distribution of the pore diameters are measured using the

field emission SEM, which reduces the charging that generally occurs in conventional

SEM , thus enhancing resolution and image quality. Cross-sectional SEM images show

that the pores are cylindrical, open at one end, and disconnected (see Fig. VI.2). The

stability of porous alumina is confirmed by recovery of a stable base line after filling

with gas molecules or phosphate buffered saline (PBS) solution, used as the solvent for

the biomolecules. For example, a stable base line with constant effective thickness is
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Figure VI.2: Typical cross-sectional SEM image of a porous alumina mask (anodized at
48 V). (After Ref. [137]).

Figure VI.3: Optical interferometry measured base lines of typical porous alumina (blue)
and porous silicon (red) with filled by phosphate buffered saline (PBS) solution.
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observed in a typical porous alumina sample after filling of PBS solution for more than

2 hours, while a striking drift in the baseline is usually observed in PS samples due to

chemical etching from the PBS solution, as shown in Fig. VI.3.

VI.B Gas sensing and capillary condensation

VI.B.1 Capillary condensation

Gas dosing is performed by bubbling pure N2 through a liquid analyte at 25 ◦C

and subsequently diluting the saturated vapor with pure N2 using a computer-controlled

gas dosing system. The total gas flow is kept constant at 500 standard cubic centimeter

per minute (sccm). Relative vapor pressures, P/Ps, where Ps is the saturation vapor

pressure, were calculated using the standard vapor pressures of the liquids and the dilu-

tion ratio of the gas dosing system.

All samples exhibit isotherms with the same shape and the presence of hys-

teresis. The initial part of the curve (low P/Ps) is attributed to monolayer-multilayer

adsorption on the internal surfaces of the pores. A steep increase in slope is associated

with capillary condensation within the nanopores, followed a plateau at high P/Ps as the

pores become completely filled with liquid. [145, 146] In our case, the sharpness of the

transition is attributed to the narrow pore diameter distribution. The relative pressure

at which the transition occurs depends upon both the pore size and the analyte (see

Fig. VI.4). Since the pore size and their dispersion are relatively small, we first analyze

the desorption curve because this is expected to be independent of uncontrolled features

at the pore surface such as roughness, slight variations in shape, possible contaminants

etc. [147, 148] To describe the capillary behavior, we use the Kelvin equation [145, 149]

with the assumption of a hemispherical meniscus:

ln(
P

Ps
) = − 2γVL

RTrm
(VI.1)

where rm is the radius of the meniscus (equal to the pore radius in our case), R is the

ideal gas constant, and VL and γ are the molar volume and surface tension of the liquid

at temperature T. The analytical Kelvin equation (dashed and solid lines in Fig. VI.5),

using standard values of VL and γ for each analyte, is in excellent agreement with the
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Figure VI.4: Change in 2nL as a function of the relative pressure of an analyte (solid
squares for isopropanol and open circles for toluene). Curves are obtained by first in-
creasing (adsorption) and then decreasing (desorption) the relative pressure in discrete
steps. Pore diameters of the samples are 10±2 nm (upper panel) and 27±3 nm (lower
panel). Horizontal lines correspond to the change in 2nL measured by using the analytes
in liquid phase (solid line for isopropanol, dashed line for toluene). (After Ref. [137]).
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Figure VI.5: Pore diameter obtained from SEM as a function of the relative pressure of
the analyte (solid squares for isopropanol, open circles for toluene) at which capillary
evaporation takes place. The value is taken as the inflection point of the desorption
branch. Solid and dashed lines correspond to the Kelvin equation for isopropanol and
toluene, respectively. (After Ref. [137]).
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experimental measurements. It is important to stress that the agreement between the

experimental data and the Kelvin equation is obtained without any fitting parameters,

modeling of the adsorbed film or other considerations.

Figure VI.6: FFT of the spectrum, with three peaks corresponding to the effective optical
thickness of the top layer, bottom layer and entire sample, respectively. Inset: reflectance
spectrum of the bilayer sample. (After Ref. [150]).

VI.B.2 Study of the effect of pore morphology upon capillary conden-

sation through use of porous alumina bilayer

To study the effects of constrictions on hysteretic capillary condensation, such

as the classical pore blocking effect, we have fabricated a porous alumina bilayer with

different diameters in each layer. The different effective thicknesses of the two layers

result in three separate FFT peaks, which correspond to optical interference of the

reflections between the top and interface, interface and bottom, and top and bottom

of the bilayered samples, respectively. Thus, we can monitor capillary condensation

for the top layer (L1), bottom layer (L2), and entire porous alumina (L = L1 + L2)

simultaneously so as to avoid time-to-time variations. Other high order FFT peaks have
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also been observed, but with smaller intensities. A pore blocking can also be investigated

by fabricating bilayered samples with a smaller pore size at the top layers. In addition,

this bilayer structure can also be used for self-compensation of a possible drift in the

base line, which has been used to improve the sensing stability in PS sensors. [151]

So far, three bilayer samples have been fabricated by a three-step anodization

of the aluminum film. After removal of the porous alumina layer anodized from 1.5 μm of

the aluminum film (first anodization), the top layer of the bilayer sample is fabricated by

anodizing the aluminum film under the same conditions (second anodization) as the first

anodization, followed by different anodization conditions (third anodization) to fabricate

the bottom layer. For example, the top layer of sample A, which has a smaller diameter

at the top layer, is anodized under 15 V in 2.6 M sulfuric acid solution, while the bottom

layer is anodized under 40 V in 0.3 M oxalic acid solution. The following 5 min pore

widening is used to remove any possible residues inside the pores. For sample B, which

has a larger diameter at the top layer, the top layer is anodized under 40 V in 0.3 M

oxalic acid solution. Unlike the fabrication of sample A, the remaining aluminum film

cannot be directly anodized under a much lower voltage, because of the low conductivity

resulting from a thick alumina barrier layer at the bottom of the pores. To overcome

this, the sample is etched with 5 wt% phosphoric acid solution for 50 min to reduce the

thickness of the barrier layer, and simultaneously increase the pore diameter of the top

layer. The remaining aluminum is anodized under 19 V in 2.6 M sulfuric acid, followed

by a 2 min etching in the same phosphoric acid solution. For sample C, also with a

larger diameter at the top layer, both the top layer and bottom layer are anodized under

the same voltage of 40 V to obtain a good pore alignment between two layers. In order

to obtain different pore sizes for the two layers, the sample is etched in phosphoric acid

for 50 min following anodization of the top layer. Then it is additionally etched for

2 min after completion of the anodization of the bottom layer, thus ensuring different

diameters for each layers.

The cross-sectional image of sample A [shown in Fig. VI.7 (a)] shows an

“inkbottle”-like structure, with pore diameters of 14 nm and 27 nm for the top and

bottom layers, respectively. Crossing the interface, some pores from the top layer con-

tinue into larger pores in the bottom layer, while others end at the interface. Meanwhile,
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Figure VI.7: Typical cross-sectional SEM images of anodic bilayered porous alumina: (a)
sample A with top layer anodized at 15 V and bottom layer anodized at 40 V; (b) sample
B with top layer anodized at 40 V and bottom layer anodized at 19 V; (c) both layers
anodized at 40 V but with top layer additionally widened by phosphoric acid etching.



111

a “funnel”-like structure is observed in both samples B and C, with a larger pore diameter

at the top layer, as shown in Fig. VI.7 (b)-(c).

Fig. VI.8 (a) shows the evolution of the FFT peaks for sample C as a function

of gas dosage (P/Ps). The addition of peak positions 1 and 2 is equal to the position of

peak 3, which confirms that these three peaks correspond to the effective thicknesses of

the top layer, bottom layer, and whole alumina layer, respectively. The size dependence

of the capillary condensation is clearly observed with the condensation occurring at

different P/Ps in each layer. The black squares, which indicate later transition (both

along adsorption and desorption branches), correspond to the top layer with larger pore

size, while the red circles, with lower transitions, correspond to the bottom layer. The

transitions of these two layers are similar to those of single layers with the same pore

sizes. A similar size dependence is also observed in the adsorption curves for sample A.

However, a clear pore blocking effect is observed [shown in Fig. VI.8 (b)] in the desorption

branch of the bottom layer (red circles), which shows the nearly same evaporation point

as the top layer. This result clearly verifies that evaporation of the liquid in the bottom

layer is blocked by the condensed liquid in the top layer, which has a lower evaporation

point. Details of this blocking effect will be discussed in detail in the unpublished paper

of Casanova, et al. [150]

In conclusion, we can detect molecules adsorbed inside the pores of anodic

alumina by monitoring the change of refractive index. The controlled pore sizes and

narrow distributions make anodized nanoporous alumina excellent systems for studies

of gas adsorption and capillary condensation, and hence an excellent candidate to check

theoretical models regarding capillary condensation.
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Figure VI.8: Change in 2nL of (a) sample A and (b) sample B as a function of the
relative pressure of the isopropanol dosage. The change in effective thickness of the top
layer (black squares), bottom layer (red circles), and entire alumina layer (blue triangles)
can be obtained simultaneously by monitoring the three FFT peaks. (After Ref. [150]).
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Concluding remarks

In this work, we have fabricated self-ordered porous alumina masks directly

on both semiconducting and insulating substrates, which can be used as evaporation

shadow masks for fabrication of magnetic/nonmagnetic nanopatterns. This porous alu-

mina shadow mask has plenty of benefits, such as a low cost, large pattern coverage and

well-controlled pore sizes and periodicities. With these alumina masks, ordered FM and

FM/AF exchange coupled nanodot arrays with coverage exceeding 1 cm2 and average

dot sizes and periodicities tuned in the 25-130 nm and 45-250 nm ranges, respectively,

are fabricated by electron beam evaporation and subsequent mask lift-off. Masks with a

periodicity of 20 nm exhibit pore densities exceeding 1012 per square inch, which might

have relevance for magnetic media towards a corresponding density above 1 Tbit/in2.

Most nanomagnetism studies are focused primarily upon the scale well above

100 nm due to fabrication limits and equipment resolution. In our work, the sub-100

nm nanodots are fabricated by the alumina masks with a macroscopically large coverage

area (over 1 cm2), which ensures that their magnetic properties can be investigated

using alternative techniques that require relatively large quantities of material including

SQUID, vibrating sample magnetometry, polarized neutron scattering, ferromagnetic

resonance, etc. Since the 10% standard deviation in the dot size and periodicity and the

4 nm standard deviation in the dot height are relatively small, magnetic measurements

of such a dot array can be used to investigate the magnetism of a single noninteracting

dot.

113
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For the 20-nm thick Fe dots, a transition from a single domain to a vortex

state as a function of the dot diameter, which is quantified by the magnetic hysteresis

loop width ratio defined as WM=0/WM=0.5Ms , and applied magnetic field have been ob-

served. With consideration towards potential applications in magnetic memory systems

(MRAM) and related scientific interests, these spin configurations, especially the vortex

state, have been intensely investigated in this work by both magnetic measurements and

simulations. This single domain to vortex state transition has also been studied by the

first order reversal curve method, which quantifies the magnetic phase fractions as well

as the distributions of vortex nucleation and annihilation fields. A vortex core size of

16±3 nm for Fe dots with an average diameter of 65 nm is obtained from polarized GI-

SANS measurements, which is in good agreement with results of the Monte Carlo and

micromagnetic simulations.

In addition to applications in magnetic memory systems and ultrasmall mag-

netic field sensors, magnetic nanostructures can also be used as artificial pinning centers

for superconducting vortices. The pinning of superconducting vortices at matching fields

of Hn can increase stability of the vortices and thus can be used to enhance and tune

superconductor characteristics, such as superconducting critical currents. The magnetic

nanodots or antidots fabricated in this work using porous alumina have average periodic-

ities close to 100 nm, which results in a strong asymmetric flux pinning effect at a broad

temperature range of 4.0-6.5 K and a large first matching field with H1 > 2000 Oe. Thus,

our magnetic nanostructures are well suited for applications in the case of high magnetic

fields. In addition, and most importantly, we have also found that properties of the

magnetic vortices can be imprinted into transport properties of the adjacent supercon-

ducting (Al) thin films. This dramatically modifies the behavior of the superconductor,

for which magnetoresistance and magnetization show simultaneously reversible or irre-

versible behavior. These effects are attributed to out-of-plane magnetic fields produced

by the magnetic dots, such as stray fields from single domain dots or out-of-plane fields

from vortex cores.

In addition to the uses in nanofabrication, porous alumina can also be used as

chemical and biosensing chips. By using optical interferometry, we can detect molecules

adsorbed inside the pores by monitoring a change in the refractive index. The excellent
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stability and disconnected pores with a uniform and adjustable size of 10-100 nm make

anodized nanoporous alumina not only excellent candidates for sensing devices, but also

a good candidate to investigate basic sensing mechanisms and check theoretical models,

such as the vapor capillary condensation.



Bibliography

[1] F. J. Himpsel, J. E. Ortega, G. J. Mankey, and R. F. Willis, Advances in Physics
47, 511 (1998).

[2] R. Skomski, Journal of Physics: Condensed Matter 15, R841 (2003).

[3] X. Batlle and A. Labarta, Journal of Physics D: Applied Physics 35, R15 (2002).

[4] C. E. Zaspel, B. A. Ivanov, J. P. Park, and P. A. Crowell, Physical Review B 72,
024427 (2005).

[5] A. P. Malozemoff, Journal of Applied Physics 63, 3874 (1988).

[6] U. Nowak, K. D. Usadel, J. Keller, P. Miltényi, B. Beschoten, and G. Güntherodt,
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[53] M. Kiwi, J. Mej́ıa-López, R. D. Portugal, and R. Ramı́rez, Applied Physics Letters
75, 3995 (1999).

[54] T. C. Schulthess and W. H. Butler, Physical Review Letters 81, 4516 (1998).

[55] U. Welp, Z. L. Xiao, V. Novosad, and V. K. Vlasko-Vlasov, Physical Review B 71,
014505 (2005).
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M. R. Fitzsimmons, J. Mej́ıa-López, D. Altbir, A. H. Romero, and Ivan K. Schuller,
submitted to Physical Review Letters.

[102] G. P. Zhao, M. G. Zhao, H. S. Lim, Y. P. Feng, and C. K. Ong, Journal of Physics:
Condensed Matter 17, 151 (2005).

[103] I. L. Prejbeanu, M. Natali, L. D. Buda, U. Ebels, A. Lebib, Y. Chen, and K. Ounad-
jela, Journal of Applied Physics 91, 7343 (2002).

[104] R. K. Dumas, C.-P. Li, I. V. Roshchin, I. K. Schuller, and K. Liu, Physical Review
B 75, 134405 (2007).

[105] C. Pike and A. Fernandez, Journal of Applied Physics 85, 6668 (1999).

[106] H. G. Katzgraber, F. Pázmándi, C. R. Pike, K. Liu, R. T. Scalettar, K. L. Verosub,
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